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Abstract

Purpose. The aim of this paper is to show the importance of geotechnical monitoring in assessing stability of an underground
excavation. Every mining excavation is designed on the basis of limited geotechnical data and with some physical assumptions.

Methods. The monitoring in the brought up herein cases covered the rock mass and the support, and was carried out over a
period of 6 years. Three long-term roadways in the hard coal mine, and with different support schemes, were studied. The moni-
toring methods included: convergence measurements, roof bed separation control, load on standing support and load on bolts.

Findings. The obtained results of the displacements of the roof rocks were highly affected by the type of the used support,
roof stratification, and a rock strength. The more cracked and stratified were the roof rocks the stronger was the separation
and the movement towards the excavation. The steel arch support sets with the bullflex bags lining can restrain this effect,
but not the roof bolting with strand bolts grouted segmentally deep in the roof.

Originality. Rock mass and support monitoring of such a large scope, which was the subject of this research, is very seldom
carried out in underground mining. Moreover, it was conducted over an exceptionally long period of six years. Five different
techniques were used to assess the roadway’s stability. Such a long-term monitoring and investigation allowed to find the
relationships between the support scheme of the excavation and the rock mass movements around it.

Practical implications. A long-term monitoring allowed for a development of the deformation characteristics of the rock
mass, defining the time of secondary equilibrium, and determination of the strain of the support elements. This, in turn, al-
lowed for a verification of the correctness of selection of the support, installed in specific mining and geological conditions.

Keywords: rock mass monitoring, mining support monitoring, excavation stability, in-situ measurements, numerical model-
ling verification

1. The importance of monitoring in assessing
stability of an underground excavation

Monitoring of excavations in natural conditions is one of
the most important elements of optimisation of excavation
design methods and support. On this basis, the excavation
design can be verified in terms of its necessary dimensions,
shape and lining method. The measurements of the behaviour
of the excavation under given mining and geological condi-
tions are the basis for performing a back analysis and verifi-
cation of the adopted parameters of the physical
model [1], [2]. Szwedzicki [3] indicates that rock cracking,
loosening, spalling, and excavation convergence, as well as
damage to the support, are always symptoms of loss of sta-
bility of the excavation.

Sedimentary rocks in roofs with interlayers are particu-
larly susceptible to excessive separation [4]-[7], which most
frequently occur in the vicinity of coal seams, and which are
usually the cause of roof collapse. This type of roof rock
should therefore be particularly observed. In addition, con-
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trol studies of rock properties are carried out [8], [9], be-
cause their weathering or change of mining situation causes
a change in their mechanical parameters [10]. This, in turn,
leads to the weakening of the rock mass and a change of the
strength factor in the rock mass. After some time, the stabil-
ity of the excavation refers to the new geomechanical situa-
tion, different from the original design assumptions. Long-
term monitoring is therefore essential for estimating the size
of changes and the correctness of support selection.

The control of the behaviour of the roof and the floor of
the excavation only, can be useful for the purpose of as-
sessing the behaviour of the rock mass around the excava-
tion [11]. Deformations of rocks are not always so visible as
to enable an unambiguous assessment of the stability of the
excavation and the correctness of the support selection.
Therefore, in order to verify the design of underground exca-
vations precise measurements of stress in the rock mass,
displacement of rock strata or loads of the support are con-
ducted [2], [12]-[15].
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The most popular of these are measurements of roof sep-
aration or displacement, which are also the basis for the as-
sessment of the risk of collapse, especially when rock bolting
is used [4], [7], [16]-[19]. The second way to measure de-
formation is to assess the changes in the dimensions of the
excavation, i.e. to measure convergence [2], [4], [9], [11]-
[14], [19], [20]. A good way to assess fracture zones in the
rocks around the excavation, in particular roof rocks, is to
observe the walls of boreholes using a borehole endo-
scope [20]-[23].

The load measurements apply both to rock bolting and
steel arch support. They provide relevant information about
the strength factor of bolts [2], [7], [12] or the steel arch
support construction [2], [4], [13], [14]. Stress changes in the
rock mass and primary stress measurements for the verifica-
tion of underground excavation designs are performed quite
rarely, although they provide valuable information for proper
rock mass and support modelling [16], [17], [24], [25].

During the modelling process, many different variants
of support construction are usually analysed [26]-[32] and
considering the intensive rock mass lamination as well
[33]-[35]. Nevertheless, without feedback from the rock
mass, i.e. conducting monitoring, correct calibration of the
factors influencing the stability of the excavation is simply
not possible. Many authors [1], [2], [36] emphasize that,
without a properly pre-designed monitoring system, it is not
possible to obtain valuable data for project verification and
numerical re-calculation.

This article presents the results of tests on transport exca-
vations of underground coal mines for a period of up to
6 years. They were performed by means of various measur-
ing techniques including rock mass and support control. Such
a long monitoring period allowed to develop the deformation
characteristics of the rock mass, define the time of secondary
equilibrium determination and the strength factor of support
elements. This, in turn, allowed to verify the correctness of
selection of the support, operating in specific mining and
geological conditions.

2. Mining and geological conditions of the testing site

The tests of excavation stability were carried out in three
different hard coal mines in Poland. They covered three
excavations located at different depths, in varying geological
conditions and with different support structures. All excava-
tions were outside the influence of mining operations, being
the main transport or ventilation excavations. The testing
sites were located in the following excavations:

— Eastern roadway, depth — 1050 m;

— Ventilation drift W-1, depth — 950 m;

— Drift W, depth — 838 m.

In order to recognise the geomechanical properties of the
rock strata around excavations, core boreholes were drilled in
all measuring stations, from which samples for laboratory
tests were taken. In the drilled boreholes, penetrometer tests
were additionally carried out in order to determine in situ
strength parameters of the rock strata. Subsequently, the
boreholes were used for endoscopic testing.

The penetrometer tests consisted in pressing the pene-
trometer pin into the walls of the tested boreholes by
means of oil pressure located in the hydraulic system of
the device (Fig. 1). The indications of the manometer in-

stalled in the penetrometer supply pump determined the
critical pressure at which the rock structure was damaged.
At a given depth of the borehole, two measurements were
taken, by means of rotating the head by 180°. On the basis
of the obtained critical results of manometric pressures p:
and p., the average manometric pressure pay was deter-
mined. The penetrometer compressive strength was calcu-
lated from relationship (1):

Oc pen =N Pay @

where:
n —the constant of the penetrometer dependent on the
type of head used: 1.18 or 1.80.

Figure 1. Hydraulic penetrometer

2.1. Eastern roadway

In the roof of the Eastern roadway, alternating strata of
shale and sandy shale were deposited along the whole ana-
lysed length (Table 1). The thickness of the individual strata
ranged from several dozen of centimetres to almost two me-
tres. The strength of roof strata determined on the basis of
penetrometer measurements was 40 MPa on average, and
70 MPa in laboratory conditions. The average value of the
modulus of elasticity for the tested rocks was E = 8.87 GPa.

2.2. Ventilation drift W-1

Directly in the roof of Ventilation drift W-1 there was a
4-metre layer of shale, above which there was a coal seam
(Table 2). Above, there were alternating strata of shale and
mudstone. The strength of the roof determined in mining
conditions was very low and amounted to 27 MPa, which
was also half the strength specified in the laboratory on sam-
ples taken from the drill core (oc = 52.95 MPa). Such a large
difference between the compressive strength values may be
related to the low value of the Rock Quality Designation
index (RQD = 14.6%).

2.3. Drift W

Strata of sandy shale dominated in the roof of Drift W
(Table 3). Directly in the roof of the excavation, there was
a 4-metre thick layer of sandy shale, above which there
was a layer of sandstone. The compressive strength of the
roof strata tested by means of a penetrometer was about
41 MPa, while the compressive strength on the basis of
laboratory tests was determined at 85 MPa. The tensile
strength tested in situ and in the laboratory was
otpen = 3.11 MPa, o110 = 6.58 MPa, respectively.
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Table 1. Geomechanical parameters in the roof of the Eastern roadway

Parameter Value Lithology in the borehole
average [MPa] 70.25
standard deviation [MPa] 19.90
%k median [MPa] 68.38 0 RQD
coefficient of variation [%] 28.34 ——o0c 17%
average [MPa] 40.52 9 N
0 pen stant_iard deviation [MPa] 3.09 l? —a—ot 13%
median [MPa] 42.19 8
coefficient of variation [%] 9.63 é 12%
average [MPa] 7.09 7
standard deviation [MPa] 3.83 > 60%
ot median [MPa] 5.93 6
coefficient of variation [%] 54.05 ? 90%
average [MPa] 2.70 5
" standard deviation [MPa] 0.26 D 50%
P median [MPa] 2.81 4
coefficient of variation [%] 9.55 2‘ 92%
average [MPa] 8.87 3
E stanQard deviation [MPa] 1.55 28%
median [MPa] 8.70 2
coefficient of variation [%] 17.43 / 43%
average [-] 0.182 14
v standard deviation [-] 0.079 0%
median [-] 0.165 . : ‘ .
coefficient of variation [%] 43.93 0 20 40 60 80 oc, MPa
average [kg/mq] 2671 . . . . . |
standard deviation [kg/m?] 47.34 0 2 4 6 8 10 o,MPa
P median [kg/m3] 2656 B sandy shale
coefficient of variation [%] 177 [ shale
average [%] 43.7
RQD range 0 = 10 m [%] 0-92
Table 2. Geomechanical parameters in the roof of Ventilation drift W-1
Parameter Value Lithology in the borehole
average [MPa] 52.95
standard deviation [MPa] 19.37 RQD
%18 median [MPa] 61.96 Y
coefficient of variation [%] 36.59 - 30%
average [MPa] 27.87 I 9
standard deviation [MPa] 9.45 = | 35%
%P median [MPa] 29.55 8
coefficient of variation [%] 33.92 0%
average [MPa] 4.68 [y
standard deviation [MPa] 0.29 53%
9t median [MPa] 4.68 6
coefficient of variation [%] 6.19 (0/' 0%
average [MPa] 1.98 57 .
standard deviation [MPa] 1.03 | "\\‘ 0%
PPN median [MPa] 2.19 4
coefficient of variation [%] 52.28 0%
average [MPa] 5.70 3 ,
E standard deviation [MPa] 2.08 5l 0%
median [MPa] 6.48 28%
coefficient of variation [%] 36.48 1
average [-] 0.145 -
v stanc_iard deviation [-] 0.045 0 . . .
median [] - 0.145 0 20 40 60 80 ocMPa
coefficient of variation [%] 31.03
average [kg/] - 2135 0 2 4 6 8 10 aMPa
standard deviation [kg/m .
P median [kg/m?] 2715 . Col
coefficient of variation [%] 2.76 7 Mudstone
RoD  Average [%] 14.60 [ shale
range 0 ~ 10 m [%] 0-53
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Table 3. Geomechanical parameters in roof strata of drift W

Parameter Value Lithology in the borehole

average [MPa] 85.31

" standard deviation [MPa] 18.05

% median [MPa] 85.76 " RQD
coefficient of variation [%] 21.16 —— | |100%
average [MPa] 41.26 9
standard deviation [MPa] 1.79 S,
95%

PePN median [MPa] 41.13 6 N ’
coefficient of variation [%] 4.35 86%
average [MPa] 6.58 74

ot stan(_iard deviation [MPa] 1.39 71%
median [MPa] 6.87 6
coefficient of variation [%] 21.24 85%
average [MPa] 3.11 54

ot pen stant_iard deviation [MPa] 0.36 59%
median [MPa] 3.05 4
coefficient of variation [%] 11.55 100%
average [MPa] 9.37 3

£ stanglard deviation [MPa] 0.60 é‘ 87%

median [MPa] 9.42 2
coefficient of variation [%] 6.40 % 75%
average [-] - 1

VI standard deviation [-] - 0%
median [-] - 0 T . .
coefficient of variation [%] — 0 20 40 60 80 oc,MPa
average [kg/mq] 2653 ‘ . . . . |
standard deviation [kg/m?®] 54.01 0 2 4 6 8 10 o,MPa

P median [kg/m?] 2634 B sandy shale

coefficient of variation [%] 2.03 [ 1] sandstone
average [%] 34.00

RQD range 0 = 10 m [%] 71-100

3. Numerical calculations and selection
of excavation support

Based on the reconnaissance, prior to driving the excava-
tion, support designs were made on the basis of numerical
calculations. Predictions were made regarding stress distribu-
tion, the extent of crack zones and the displacement distribu-
tion. Calculations were made in the RS2 (formerly Phase2)
program, using the Hoek-Brown failure criteria and the elas-
tic-plastic model with associated flow plasticity theory. Pa-
rameters for the calculations were derived from the recogni-
tion of geomechanical properties, performed in the analysed
area. Due to the variability of lithology on the excavation
length, and at the same time the planned monitoring, the
layout of rock layers was assumed as it was in the area of the
designed measuring station.

3.1. Eastern roadway

The Eastern roadway was modelled in a several-meter
layer of shale, with a thickness of 9.5 m (Fig. 2).

It was assumed that there is a thin layer of coal (0.25 m)
in the roof, then a 7.5 m layer of sandy shale and a 3.5m
layer of shale, and then again a thick layer of sandy shale
with thin layers of coal. A layer of shale (15.2 m) with a thin
interlayer of coal was modelled in the floor. A layer of sand-
stone and sandy shale has been adopted below.

The results of numerical calculations indicate that the
principal stress o1 assumes the highest values i.e. about
35 MPa at a distance of a few metres from the contour of the
excavation in the sandy shale roof layer.

Figure 2. Numerical model of Eastern roadway

The map also shows the yielded zones, which indicate the
possibility of a failure zone due to shear and tension in the
vicinity of the excavation to a distance of about 2.0 m in the
roof and about 4 m in the floor. A predicted shear failure
zone may amount to 4-5 m in the sidewall and even 5-6 m in
the floor (Fig. 3).

The predicted displacement around the analysed excavation
indicates that there may be a floor upheaval of 0.3 m. For the
remaining contour, the expected value is half smaller (Fig. 4).

Therefore, it can be concluded that the obtained values
are rather small compared to those observed at a depth of
about 1000 m.
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Figure 3. Principal stress distribution o1 together with the predicted
yielded elements around the Eastern roadway
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Figure 4. Total displacement distribution around the Eastern
roadway

3.2. Ventilation drift W-1

On the basis of the recognition, similar calculations as
for the Eastern roadway, were made before the Ventilation
drift W-1 was driven. The excavation was modelled in a
several-metre layer of shale (9.2 m — Figure 5). In the roof
above, there are deposits of coal (2.0 m), sandy shale
(2.0 m), and then alternating layers of shale, sandy shale
and mudstone, which also contains a thin layer of coal
(1.0 m). In the floor below the layer of shale, there is sandy
shale (0.8 m), shale (1.0 m), coal (1.0 m) and again shale
(3.5 m). Further, there are alternating layers of sandy shale,
shale, coal and mudstone.

;

Figure 5. Numerical model of Ventilation drift W-1

The results of calculations indicate that the value of prin-
cipal stress oy is the highest in the shale layer and amounts to
about 38 MPa at the distance of 3.0 meters from the excava-
tion roof. The map also shows the yielded zones, which indi-
cate the possibility of a failure zone due to shear and tension
in the vicinity of the excavation, to a distance of about 0.5 m
in the roof and sidewalls, and about 2-3 m in the floor. In the
case of the predicted shear failure zone, it may amount to
2 m in the roof and the sidewall, and 4 m in the floor of the
excavation (Fig. 6).

Figure 6. Principal stress distribution &1 together with the predicted
yielded elements around Ventilation drift W-1

On the basis of the displacement map around the ana-
lysed excavation, it is possible to expect an upheaval of the
floor in the range of about 0.13 m. On the contour of the
excavation, the predicted displacement will be about
0.02-0.03 m (Fig. 7).
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Figure 7. Distribution of total displacement around Ventilation
drift W-1

3.3. Drift W

Drift W was modelled in a several-metre layer of sandy
shale (12.5 m), whereas alternating layers of sandstone and
sandy shale were adopted in the roof, which also contains a
thin layer of coal (1.0 m) — Figure 8. In the floor below the
layer of shale, it was assumed that there is sandy shale
(3.5 m), then coal (1.5 m) and then sanded mudstone, sand-
stone and again sandy shale.

The results of the calculations indicate that principal stress
o1 assumes the highest values of about 33 MPa at a distance of
4-5 meters from the floor of the excavation, i.e. at the point of
contact of the sanded shale layer and the mudstone layer. The
map also shows the yielded elements by shear and tension in
the vicinity of the excavation, to a distance of about 0.5 m in
the roof and sidewalls, and about 2 m in the floor.
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Figure 8. Numerical model of Drift W

In the case of the predicted shear failure zone, it may
amount to 2 m in the roof and the sidewall, and 4 m in the
floor of the excavation (Fig. 9).
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Figure 9. Principal stress distribution o1 together with the yielded
elements around Drift W

The prediction of displacements around the analysed ex-
cavation indicates, that an upheaval of the floor of about
5 cm can be expected, as well as small 2-3 cm displacements
around the perimeter of the excavation (Fig. 10). Therefore,
it can be concluded that, from a practical point of view, the
obtained values are negligible.
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Figure 10. Distribution of total displacement around Drift W

3.4. Selection of support

On the basis of the obtained results of laboratory and
mining tests and numerical calculations, the following types
of support were used in the mentioned excavations:

— Eastern roadway — yielding steel arch support, 5.8 m
wide and 4.025m high (type LP11) with V32 profile
(32 kg/1 m) made of S480W steel (yield point — 480 MPa)
with spacing 0.5 m (working bearing capacity of the steel
arch set — 650 kN), with bullflex bags with mineral-cement
binder with the compressive strength of 40 MPa (Fig. 11);

— Ventilation drift W-1 — yielding steel arch support 6.1 m
wide and 4.225m high (type LP12) with V32 profile
(32 kg/1 m) made of S480W steel (yield point — 480 MPa)
with spacing 0.5 m (working bearing capacity of the steel arch
set — 634 kN); additional reinforcement in the form of two
steel anchored profile V beams fixed to the roof, with help of
6 meter long strand bolts (built about 2.4-2.8 m apart), and
were installed every second field between the steel sets, in
such a way that there was one bolt in each field (Fig. 12);

— Drift W — yielding steel arch support, 6.5 m wide and
4225m high (type LPCBorl2), with profile V36
(36 kg/1 m) made of S550W steel (yield point — 550 MPa),
with spacing 0.6 m (working bearing capacity of the steel
arch set — 841 kN) (Fig. 13).

In order to protect against roof fall, a hook-on steel wire
screen mesh is installed everywhere.

4. Measuring apparatus and methodology

In order to monitor the behaviour of the rock mass and its
stability, a measuring station was built in each of the three
excavations (Fig. 14).

The following measurements were carried out there:

— loads on steel sets support;

— displacement and separation of roof strata;

— bolt loads;

— fracturing of the surrounding rocks;

— changes in the dimension of the excavation.

The load measurement on the steel sets support was car-
ried out using hydraulic dynamometers (Fig. 15). Two types
of dynamometers were used: cylinder-shaped dynamometer
(Fig. 16) and a three-point linear roof dynamometer. Foot
dynamometers were placed under the rib arches and their
task was to measure the load. The roof dynamometer was
built on the roof arch in the arrow of the excavation to record
the load coming from the roof strata.

Tests of roof strata separation performed using an exten-
someter consisted in introducing 18 measuring magnetic an-
chors into a borehole with a diameter of 42 mm and the length
of 7.5 m (Fig. 17). The test was carried out by means of cyclic
measurements, which provided information on the displace-
ment of rock strata. Magnetic sensors were placed every 0.3 m
to the height of 3 m of the borehole. Above 3 m from the ex-
cavation roof, they were positioned less densely, approx. every
0.5 m. Such positioning of measuring anchors was intended to
precisely record separation and displacement of rock layers in
the direct roof. The readings were taken by means of an exten-
sometric probe, which recorded the position of a given meas-
uring anchor in relation to the position of the base anchor.

To measure the rock bolt support load, an instrumented
bolt was used (Fig. 17). Instrumented bolt was made of a
standard anchor bolt modified for testing purposes. The bolt
anchor modification consists in making two parallel grooves,
in which tensometers are installed. The anchor length was
2.5 m, diameter 21.7 mm, while the tensometers, in the num-
ber of 9 pairs, were placed every 0.25 m from each other.
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Figure 17. Instrumented bolt — the groove fragment with tensome-
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The anchor was made of steel with 640 MPa yield limit
and 770 MPa tensile strength. Based on this, the maximum
strength the steel can undergo at its elastic limit was deter-
Figure 15. Hydraulic dynamometer mined to be 284 kN.
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Endoscopic research involved consisted in recording dis-
continuities in the form of cracks and separation present in
the rock mass around the excavation. In order to do this, an
endoscopic camera was used and introduced into 95 mm
diameter boreholes that had been used for penetrometer tests
earlier. Its head with camera and infrared diodes is shown in
the Figure 18.

Figure 18. Endoscopic camera head with infrared diodes

The changes in lateral dimensions of the excavation con-
sisted in measuring height (4H) and width (4W) between
fixed points constituting benchmarks (Fig. 14). The first
measurement was a reference point for subsequent measure-
ments and it was a base measurement. The change in height
and width of the monitored excavation was measured by
laser rangefinder or tape measure.

5. Monitoring of excavations

5.1. Eastern roadway

Eastern roadway was made as a main opening-out head-
ing, through which a mine railway route is running. A bull-
flex bags filled with mineral-cement binding was used in the
excavation. A measuring station in the Eastern roadway was
made during the drilling at the 2372 meter. Monitoring with
specialised equipment lasted for over 4 years. In the excava-
tion there was no additional support e.g. in the form of rock
bolts, thus the special attention was paid to measurements of
steel arch support loads and displacements of roof layers.

Figure 19 shows the process of loads steel arch support
recorded by hydraulic dynamometers under the ribs (foot
dynamometers).

240
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5140-
< 120
o
—100
80
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40
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0 -
T T e
0 400 800 1200
Day of monitoring

—a— Left foot dynamometer
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—— —r=—
1600 2000

Figure 19. Set support load in the Eastern roadway

Unfortunately, the roof dynamometer, due to the inade-
quately bullflex bags, showed too low or zero values. Results
analysis shows a very similar sidewall dynamometers quali-
tative process — they were loaded and unloaded simultane-
ously. However, the values of forces in the right sidewall
(red colour) are significantly higher. Especially, at about
200" day of the measurement, there can be seen the highest
load on right arch reaching 222 kN, therefore the support is
loaded not evenly but mostly from the left side.

It should be noted that up until the 426 day of the meas-
urement periodical support unloads occurred, i.e. probably
the arch supports yielded under the load coming from roof
rocks. A slight unload occurred also in the 882" day of the
measurement. However, it can be accepted that in this case
the secondary loads formed for about 15 months. Then the
loads were stabilised and it decreased to zero on the left side
and on the right side it was about 90 kN.

Investigations carried out with a use of extensometric
probe confirm the above observations. It can be seen that the
most intense movement of roof rocks occurs before about
150™ day from driving the excavation and the situation is prac-
tically stabilised in about 420" day of the monitoring (Fig. 20).
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Figure 20. Roof strata displacement in the Eastern roadway

The most notable displacements of rock strata occurred in
the direct roof of the excavation and they weaken as the
distance from the excavation roof contour is growing. Addi-
tionally, the measurement proves that roof rocks move in
packages, which is facilitated by their intense stratification
(Table 1). At the depth of 0.4 m up the roof the displace-
ments are approx. 60 mm, at the distance of 0.6-1.1m —
approx. 42 mm at the distance of 1.1-1.8 m — approx. 18-26 mm
and above the strata they move a few millimetres. It should
be noted that in the last day of the measurements the dis-
placement of the measuring anchor installed at the depth of
2.51 m increased to 10 mm, which shows that another strata
separated from the undisturbed rock mass and started to
move downward.

In case of steel arch support without roof bolting the
motion of rock strata occur continuously. The results of
separation obtained with the extensometric probe were
compared to the observed fracturing with the use of endo-
scopic camera (Fig. 21).

Endoscopic tests concern the first day of the measurements
and the 644" day. i.e. the 22" month after the excavation was
driven. When analysing the results it can be seen that the area
of cracks is growing in time, while the range of intense cracks
stays at the level of 3.0 m, which is unchanged.
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Figure 21. A network of cracks and laminations in the Eastern
roadway

However, there occurs the propagation of cracks up the
roof and after 466 days they reached 5.1 m and the total
range of cracks increased from 7.9 to 9.0 m. During this
time, at the bottom part of the roof the displacements regis-
tered by extensometric probe increase slightly from 6-10 mm
to 12-18 mm. In the 1360" day of the measurement dis-
placement increased at the heights of 2.5 and 2.8 m, which
results in subsequent cracks in roof rocks and subsequent
propagation of the cracks. At the part of the roof where
cracks and separation were significantly less numerous, that
is beneath 4 m height, the anchors of the extensometric probe
did not change their location during nearly the entire time of
the observation. Such behaviour of the roof is determined by
its lithology, because 12 rock beds were marked here togeth-
er and they were shale and sandy shale.

5.2. Ventilation drift W-1

In the case of Ventilation drift W-1 the measurement have
been carried out over the period of 5.5 years. Comparing the
values of forces obtained in the dynamometers that control the
load of the yield support (Fig. 22) it can be seen that here also
the foot dynamometers are the most loaded ones.

—a— Left foot dynamometer
—e— Right foot dynamometer
—a— Roof dynamometer

0 500 1000 1500 2000
Day of monitoring

Figure 22. Support load in the Ventilation drift W-1

However, these values are higher and reach maximally
163 kN in the left sidewall and 300 kN in the right sidewall.
The sum of the maximum load under the sidewall arches
which is about 450 kN is lower than the maximum bearing
capacity of the single steel set estimated to be 634 kN. How-
ever, it should be recalled that in this case the support was
strengthened with steel beams, built in two rows along the
excavation axis and anchored with strand bolts. Part of the
load is therefore carried by these bolts. Bolting of the roof
causes the load acting on a steel arch support to weaken in
time, because a bolted rock beam is more rigid and deforms less.

Thus, within the period of approx. 420" days, the roof
was unloaded entirely. Within the period of first 78" days,
the value of the forces on both sidewall dynamometers is
growing and before approx. 365" day it grows only on the
right dynamometer. Cracked roof, after steel arch sets in-
stalment, moved down, thus generating its load. In the next
days, the load from the roof was resisted by support the
standing, and additionally, by the bolts. Over time the steel
arch sets was more loaded and more symmetric, however it
cannot be stated that support load has been stabilised. Load
vector is directed from the left side.

The installation of the bolts in Ventilation drift W-1 re-
sulted in paying a special attention to the measurements
from the instrumented bolt. In can be seen in the graph of
the axial forces (Fig. 23) that the force in the bolt increases
along with the depth.
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Figure 23. Axial forces in instrumented bolt — Ventilation drift W-1

In the initial period of the monitoring a constant image of
the load could be seen: practically zero up to the height of
approx. 0.9 m of the roof, and from 1.4 m a constant increase
of the bolt load from 23 to 162 kN at the length of 2.2 m and
approx. 112 kN at the end of its length, i. e. 2.5 m. Whereas
the values of the loads along the bolt length increased slightly
in time. Since June 2016 (the 25 month since the start of the
monitoring), the loads acting on particular parts of the bolt
begun to change drastically. On some of them the forces
reached compressive values of 26-81 kN. This proves that roof
beds loads periodically on the support and that they can be
compacted. Latest measurements indicated further jumps in
the values of the forces in particular tensometers of the bolt;
ones that reached the guaranteed bearing capacity of the in-
stalled strand bolts 280 kN. Furthermore, the compaction of
the rock beds are advancing up the excavation roof. Addition-
ally, the black line indicates the curve that represents average
bolt load on particular points from all taken measurements.
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In relation to the above, the image of displacements of
rock strata is slightly different. The measurements taken in
the roof of the drift W-1 with the extensometric probe indi-
cate that during 31 days the measuring anchors moved very
quickly, yet the rock beds, also in a later period, moved only
to a height of approx. 5.8 m (Fig. 24).
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Figure 24. Displacement of rock beds in Ventilation drift W-1

Although the rock beds move in general in the direction
of the excavation breakout the measuring course of the lines
is vary. This proves that periodically rock beds movement
towards the excavation is halted, because rock mass leans
against the steel arch support sets. This takes place during a
period between the 740" and 1020 day of the measure-
ments, therefore at the same time when load on the steel arch
support increased (Fig. 22). Similarly as in the Eastern road-
way roof, the displacement of rock beds occurs in packages
However, it is not so clear in this case, because Ventilation
drift W-1 roof is not as strongly stratified as the roof of the
former excavation. Furthermore, the 6.0 m long strand bolts
installed in the roof were built with the rocks on the distance
of approx. 1.6 m after ca. one month after the face driven,
and their lower part may displace freely. Thus the lack of
changes in the roof deformation in the area of grouting, i.e.
4.4 m and an insignificant one at the depth of 2.3-4.4 m. The
changes took place only in the direct roof and here in the last
1000 days a package of rock beds moves down. This is re-
flected in the load on the anchor, as shown in Figure 23.

The displacements of roof rocks stabilised in the period
of 620-1020 days, and at this time the maximum displace-
ment of rocks in a package to the height of 0.7 m was ap-
prox. 72 mm. The registered displacement after 2096 days of
the monitoring was 96 mm and a further movement of rock
beds in the direction of the excavation may be expected.

5.3. Drift W

In the Drift W the measurements have been taken for
5.5 years. The results of load measurements on steel arch
support setsindicate that the support was loaded stronger
only to approx. 333" day of the measurement (Fig. 25).

Although at that time small drops in the values of forces
on the dynamometers were periodically observed. They
reached the following values: on the sidewall dynamometers
down to 96-98 kN on the roof dynamometer down to
145 kN, directly after the nearly steel support frames had
been installed. Thus, for almost a year at the first the roof
arch was loaded, then the forces were transmitted to the
sidewall arches. After the 333" day, the support was unload-
ed, as all three dynamometers indicated.

10

160__ —=— Left foot dynamometer

—e— Right foot dynamometer
—a— Roof dynamometer

140 1
120
100

801

Load, kN

60+

OF+——T——T—
0 400

— T T — T T — T T — T T
800 1200 1600 2000
Day of monitoring

Figure 25. Steel arch support load in Drift W

The dynamometer under the left sidewall arch was slightly
more loaded (up to 48-80 kN) in comparison to the rest of the
dynamometers, although the slightest load could be observed
in the roof dynamometer and it was approx. 10-20 kN. A local
increase, by several kilonewtons in loads on dynamometers
could be observed in the period of 700-800 days of the meas-
urement and in the 1200 day. Thus, the read values allow to
accept that after approx. 330 days the rock beds movement
stabilised, and the subsequent presses resulted from the slight
downward movement of rocks in the direction of the excava-
tion. Furthermore, the support begun to be loaded more from
the right side, which caused weaker load from the left side and
from the roof. In the following days, the support was loaded
especially from the roof side, and the yield structure caused the
roof arch to be unloaded and the forces transmitted to on and
under the sidewall arches. The roof dynamometer after the
1692 day of the measurement was damaged.

The results of the measurements taken with the exten-
sometric probe confirm, in general, the times in which the
steel arch support sets loads occurred (Fig. 26).
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Figure 26. The displacement of rock strata in Drift W

Up to approx. 300" day of the measurement, they are the
strongest roof displacement up to 17 mm. Until the 792" day
of the measurement there is no movement of the rock beds
and in the 1175" day of the measurements there occurs a
sudden movement of the nearly one meter strata of the direct
roof. This displacement is approx. 12 mm. In the following
days of the measurement the successive packages of rock
beds moved sequentially: the part between 1.1 and 2.7 m
downward and then the upper part between 2.7 and 6.5m
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upward. Thus, the roof plate was evening, which results in the
packages of rock beds returning, to their positions from be-
fore the movement after the 1610™ days. This behaviour sug-
gests that the roof beds do not crack but move continuously.

It should be also noted that in case of Drift W the motion
of the rock beds is significantly lesser in comparison to the
excavations analysed before.

Here the direct roof displaced approx. 15-22 mm and the
base roof 2-7 mm, whereas in case of the Eastern roadway it
is 58-63 and 18-45 mm respectively and in case of the Venti-
lation drift W-1 — 70-90 mm and 15-40 mm. These slight
roof displacements of the Drift W probably do not cause the
cracking and breaking of rock beds, which are weakly strati-
fied sandy shale.

Convergence measurement in Drift W was carried out on
5 bases over a distance of 100 meters, in the area of the
measuring base (£50 m). Analysing the average changes in
height and width, it can be concluded that convergence is
still progressing, although measurements have been carried
out for over 2000 days (Fig. 27).
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Figure 27. Change of width and height of Drift W

In the last measurement vertical convergence was found
to be 311 mm and horizontal convergence — 114 mm. The
intensity of horizontal convergence is therefore lower, but it
has been found that some of the vertical deformations are
related to the upheaval of the floor. Since the horizontal and
vertical deformation process is arranged along certain curves
over time, trend lines have been fitted to both processes. The
logarithmic function and the quadratic polynomial were
considered, because for both of them the value of R-square
was approx. 90%. Ultimately, the quadratic function was
selected, as its extremum could then be defined. The calcula-
tions show that the time that must elapse in Drift W condi-
tions for convergence to reach the maximum values is
2585 days for vertical movements and 1715 days for hori-
zontal movements. A mathematical description of the fitted
trend lines is shown in Table 4.

Table 4. Fitting the trend line
Time for reach-

Convergence  Function model Fitting ing the maxi-
mum value tmax
[days]
. Kv = 0.00005t2 — 2 _ 0
Vertical 0.06861 — 49.76 R?=87.8% 2585
- 2
Horizontal K+ = 0:000028 = oy _ 99 104 1715

0.2585t —3.84
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6. Conclusions and discussion

Each design of the excavation support should be verified.
Although numerical methods are commonly used to select
the support scheme, taking into account the layout of rock
beds around the excavation and the variability of their prop-
erties, they also require many assumptions to be made, e.g.
the primary stress regime or quantitative weakening of the
rocks after failure in the failure criteria. Verification of the
adopted models and consequently, of the adopted support
schemes, can only be performed by monitoring. This moni-
toring must concern both the rock mass and the support. It
should be stressed, that the rock mass movements in the
excavation area are often asymmetric, local layers are lami-
nated or wet. This results in asymmetric load of the support
and periodic loosening of the roof strata. Therefore, only a
simultaneous control of the behaviour of the rock mass and
the support can indicate the proper interpretation of the oc-
curring phenomena. The rock mass movements should be
measured by means of controlling the excavation’s conver-
gence and the separation of rocks, especially roof rocks. The
load measurement of the support should apply to each of the
enclosed structures, in this case, the steel arch support sets
and bolts. Measuring devices and techniques are very differ-
ent and examples of measuring devices can be found e.g. on
the manufacturers’ websites [37]-[41].

During the monitoring of rock mass and support carried
out in three selected main excavations located at the depths
from 838 to 1050 m, convergence measurements, multilevel
roof beds movements measured with an sonic extensometric
probe, borehole endoscope, instrumented bolts and hydraulic
dynamometers, were used. All these devices allowed to as-
sess the performance characteristics of the support and to
compare the results of predictions with the actual state.

Evaluating the selection of the support, it can be concluded
that it was selected correctly, but with some reserve, because
its bearing capacity in all cases was used in the range of
23-49%, referring to the maximum load values (sum of forces
under the sidewall arches — Table 5). It was found however,
that despite this, the support was subject to a certain yield
displacement, which under laboratory conditions occurs at
higher load values [42]. Therefore, it can be concluded that,
on the one hand the spacing of the steel arch support sets is
too small in long-term excavations, not affected by exploita-
tion. In the analysed cases, it amounted to 0.5-0.6 m and
could be increased. On the other hand, however, the technol-
ogy of installing the steel yielding support in natural condi-
tions did not allow to obtain the maximum bearing capacity.

Maximum displacements of the roof strata were estimat-
ed at a rather good level with the numerical models in case of
the Eastern roadway and drift W, whereas in the Ventilation
drift W-1 they are almost 3-times higher.

This could be a result of the high cracking of the roof
beds found already at the recognition stage (RQD with zero
value on the first 3 meters of the roof) and a too high initial
assessment of the rock mass quality, used later in numerical
calculations. At the same time, however, the predicted con-
vergence of this excavation is rather precise and much higher
than in the case of the rest of excavations.

It should be noted here that the obtained results of
the displacements of the roof rocks are highly affected by
the type of the used support and roof stratification and
rock strength.
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Table 5. Predicted and measured values of rock mass movements and support loads in selected excavations

Parameter Eastern roadway  Ventilation drift W-1 Drift W
Burning depth [m] 1050 950 840
max. working bearing capacity -
of the single steel arch yielding set 650 914 841
sum of the max. forces under
Steel arch the sidewall arches 280 450 200
support load [kN] average value of force over the 42 95 56.4
entire period of the test ' '
perc%nt o_f use of V\_/orkmg 43 49 23
earing capacity
Displacement maximum 122.9 95.4 174
of the roof beds [mm] average 145 250 35
predicted 115 35 20
vertical 180 149 311
Convergence [mm] predicted 375 160 90
g horizontal 161 38 114
predicted 280 70 70
Roof separation [mm] maximum 64.9 16.3 17.0
P average 3.8 3.9 16

*steel arch support with roof bolting

The most cracked and stratified among roof rocks in the
Eastern roadway were the ones that separated and moved
towards the excavation the most. However, the use of the
steel arch support sets with the bullflex bags lining caused
the transfer of loads to the support and, in effect, the limita-
tion of the excavation convergence. The roof bolting with
strand bolts grouted only on the 1.8 m section in the Ventila-
tion drift W-1, didn’t limit the beds separation in the roof and
still allowed to move the rock beds downward. This was
facilitated by a slightly lesser rocks strength and by the coal
seam present in the roof at the 4-6 m distance. However, the
essential part of the load was carried by the strand bolts
there. The compressive strength over 90 MPa and little strati-
fied roof rocks of the Drift W displaced insignificantly
(17 mm) and separated insignificantly (17 mm). As was
mentioned before, the vertical convergence concerned main-
ly the floor heaving. It should be stressed that no clear con-
nection can be found between the depth burning of the exca-
vation and the values read of monitored parameters.

In addition, an interesting observation was made when
analysing Drift W convergence, where both the height and
width changes of the excavation over time can be described
with 90-percent accuracy by a quadratic function. The func-
tion shows, similarly to the rest of the measurements, that
secondary state of stress in coal mines, disturbed by a long-
term and multilevel exploitation form very long for the peri-
od of 5-7 years. Therefore, in case of mining excavation (e.g.
gateways), there will occur their convergence, roof dis-
placements, floor heaving and varying support loads for as
long as the excavations are exploited.

In conclusion, it can be stated that multi-year testing of
rock mass movements and support loads around main dog
headings are a very good method of verifying the support
used and project assumptions made about numerical models.
By this method, a displacement of the support may be esti-
mated, as well as time of forming secondary equilibrium of
the rock mass and a characteristic of deformation of rocks in
given mining-geological conditions may be determined. The
measurements in the in situ conditions help also a calibration
of parameters of the rock mass and of other conditions took
into calculations (e. g. the state of stress and parameter of
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failure criterion [9]). They also enable elaboration of statisti-
cal relationships and function of deformation trend of the
rocks around the excavation. This in turn, allows to predict
better the rock mass movements for next planned excavations.
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Min3eMHuii MOHITOPHHT sIK HAHOINbII eeKTUBHUI clOCiO OLiHKH
KOHCTPYKIIi KpiluIeHHs] BUPOOKHU B JOBroCTPOKOBIli mepcneKTuBi

1. ManxoBcki, 3. Hembansceki, T. Maiixepunk, JI. Beqnapex

Merta. [IpoBeneHHsT KOMIUIEKCHOTO T€OTEXHIYHOTO MOHITOPUHTY JJISl OI[IHKH CTIMKOCTI MiA3eMHOI TipHHYOT BUPOOKH Y CKIIAJIHAX YMO-
Bax 3 00MEKEHOIO KUTBKICTIO TEOTEXHIYHUX JAHUX 1 MEBHUM (i3MIHUMH TPUITYILICHHIMH.

Metonuxka. [IpoBeieHO MOHITOPHHT CTaHY TipCBKOTO MAacHBY 1 KpiIUIEHHS BUPOOKM MpOTsSroM 6 pokiB. bymm BuBueHi 3 BuUpOOKH
KaM’sIHOBYT1JIBHOI IIAXTH Pi3HUX KOHCTPYKIIMH, sIKi JOBruil yac nepeOyBanu B ekcruryaTanii. MeToy MOHITOPUHTY BKIIFOYAJIU: BUMIPIOBAH-
HS1 OCiJTaHHS, KOHTPOJIb 32 BIICTAaHHIO MIX ITOKPIBIIEIO i MiIONIBOO, BUMIp HAaBaHTA)XEHHS Ha BEPTUKAJIBHI ONOPH 1 Ha KpiruieHHs. Bukopuc-
TOBYBAJIOCS HACTYITHE OOJIaJHAHHS: CHIOCKOIIYHA KaMepa, aKyCTHYHI eKCTEeH30METPH, KPIIUICHHs 3 BMOHTOBAHOK BUMIPIOBAJIBHOO arapa-

TYpOIO Ta TiApaBIiYHi AUHAMOMETPH.

Pe3yabTaTn. BeraHoBieHo, 1110 3MIIIEHHS MOPIif MOKPIBIi y 3HAYHIH Mipi BU3HAYAETHCSI TUIIOM BUKOPHCTOBYBAHOTO KPIILICHHS, PO3-
LIapyBaHHSM 1 MILHICTIO TOPix MOKpiBIi. 31 301IbIIEHHSM TPILIMHYBATOCTI Ta MIAPyBaTOCTI IIOPiJ MTOKPIBIIi CHIIBHILIE IPOSBIISIETHCS PO3IIA-
pyBaHHS IIaCTa U IepeMilleHHs MOpi y HaupsIMKy BUpoOKu. BusHaueHo, o cranieBi apouHi KpIMWIbHI CTIHKH, aMOPTH30BaHI HAlyBHIMHI
mimkamu Bullflex, mom’skiryroTs BHUIIEBKa3aHUI €(eKT, MpU HbOMY aHKEpHE KpIIUIEHHS He Aae momiOHoro pesynpraTy. IlinTBepmxeHo
e(eKTHBHICTh OMOPHOI KOHCTPYKIIii 0OpaHOro THIy KPIIJICHHS 3 ypaXyBaHHSAM Mexi Oe3rexH, a 1l Hecyda 3[4aTHICTh y BCiX BHIAIKax Oyia
23-49%. Anani3 301KHOCTI IMOKa3aB, 110 3MiHH 32 BHCOTOIO 1 IMUPUHOIO BUPOOKHU B Yaci MOXKYTh OyTH OMHUCaHi 3 TOYHICTIO 10 90% KBampa-

THYHOIO (DYHKIIETO.
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HaykoBa HoBH3HA. BcTaHOBIIEHO B3a€MO3B’SI30K MiXK CXEMOIO KPIIUICHHS BUPOOKH 1 PYXJIMBICTIO HABKOJIUIIHBOTO i OPOIHOTO MacH-
BY, L0 JO3BOJIHJIO IaTH KiJIbKiCHO-SIKICHY OLIHKY CTiKOCTi BUPOOKH HAa Ii/ICTaBi BEIbMHU TPHBAJIOTO 6-PiYHOTO re0TEXHIYHOrO MOHITOPHHTY.

HpakTuuna 3HaYnMicTh. OTpUMaHi XapaKTepUCTHKH AedopMalliii TOPOAHOTO MACHBY, Yac BTOPMHHOI PIBHOBATH 1 HANPy>KEHb €lie-
MEHTIB KpIiIUICHHS B PE3YJbTaTi JOBIOTPUBAJIOr0 MOHITOPHHTY IMiATBEPAMIN MIPABUIBHICTE BUOOPY TUIY KpimieHHS. Pe3ynpraT MOHITOpH-
HT'y KOPHCHI JUIS1 3BOPOTHOTO aHAIi3y (i3MYHOI MOZENi Ta NPUHHIATHX B Hilf TapaMeTpiB, sIKi 3r0I0M MOXKYTh BUKOPHUCTOBYBATHCS [UIS ITOOY-
JIOBH YHCEJTBHOI MOJIETI.

Knrwwuosgi cnosa: monimopune nopooHo2o Macugy, MOHIMOPUHS UWAXMHO20 KPINJIeHHs, CMIUKICMb 6UPOOKU, HAMYPHI GUMIPIOGAHHS, Nepe-

8IPKA YUCENLHUM MOOENIOBAHHAM

IToa3eMHBINH MOHMTOPHMHT KaK Hanb6oJee 3(ppeKkTHBHBINA c0co0 OLEeHKH
KOHCTPYKIMH Kpenu BHIPAa00TKH B 10JITOCPOYHOI NepcreKTuBe

I1. MankoBcku, 3. Henoanscku, T. Maiixepunk, JI. beanapex

Heas. [IpoBeneHNe KOMIUIEKCHOTO T'€OTEXHUYECKOTO MOHHTOPHHTA A OLEHKH YCTONYMBOCTH IOJ3€MHOM TOpPHOH BBIPAOOTKH B
CIIOKHBIX YCIIOBHSIX C OTPAaHUYCHHBIM KOJTMIECTBOM T€OTEXHHUYECKUX JTAHHBIX U ONPeIeCHHBIM (GH3NIECKUMHE JOITYIICHISIMH.

Metoauka. [IpoBeIeHO MOHHUTOPHUHT COCTOSTHHSI TOPHOTO MAacCHBa M KPEIUICHNUs BEIpaOOTKH B TedeHue 6 yeT. beimm m3ydensr 3 BeIpa-
0OTKM KaMEHHOYTOJILHOW IIaXThl Pa3IMYHBIX KOHCTPYKIHMH, KOTOPbIE OIr0e BpeMsl HaAXOMMINCH B AKCILUTyaTaruy. MeToibl MOHUTOPHHTA
BKJIFOUQJIU: U3MEPEHUsI OCEIaHusl, KOHTPOJIb 33 PACCTOSHHEM MEXy KpOoBJel 1 OYBOH, H3MEepeHHEe Harpy3KU Ha BePTUKaIbHbIEC ONOPHI U Ha
kpenb. Mcnomnb3oBanoch cienyoliee 000pyI0BaHUe: YHIOCKONNYECKas KaMepa, aKyCTHUYECKHE IKCTEH30METPhl, Kpelb C BMOHTHPOBAaHHOM
HM3MEPUTEIHHON anmnapaTypoil U THAPaBIMYECKHE THHAMOMETPHI.

PesyabTarbl. YCTaHOBIEHO, YTO CMELIEHHE MOPOJI KPOBIM B 3HAUUTEJIBHOM CTENEHM ONpPEAEISEeTCS TUIIOM HCHONb3YyeMOM Kpemnw,
pacciioeHHeM H IPOYHOCTHI0 Mopos KpoBir. C yBeIHYEHHEM TPEIINHOBATOCTH U CIOMCTOCTH ITIOPOJ KPOBIIM CHIIbHEE IPOSBIISIETCS paccia-
MBaHUE IUIACTa ¥ MOABIIKKA ITOPOJ B HANpaBIeHUH BeIpaboTKH. OTpeneneHo, 9T0 CTaIbHbIC apOYHbIe KPEIEeKHBIE CTONKY, aMOPTU3HPOBAH-
Hble HaTyBHBIMHU Memkamu Bullflex, cmsrdaior Beimeyka3aHHBIN 3¢ deKT, Ipr 3TOM aHKEpHOE KPEIUICHHE He JaeT IMOJ00HOr0 pe3yibTara.
IMonreepxaeHa 3 QEKTHBHOCTH OMIOPHOH KOHCTPYKIMH BEIOPAHHOTO THIIA KPEIH C Y4ETOM IIpezena 0e30IIacHOCTH, a ee HecyIas clocoo-
HOCTb BO BceX ciry4asx Obuta 23-49%. AHanu3 CXOAMMOCTH ITOKa3aj, YTO U3MEHEHHUS 110 BHICOTE U IIMPHHE BHIPAOOTKH BO BPEMEHH MOTYT
OBITh OMUCAHBI C TOYHOCTHIO 10 90% KBaApaTUUHON QYHKIIHCH.

Hayunast HoBH3HA. YCTaHOBJICHA B3aHMOCBSI3b MEXAY CXEMOHM KpenH BBIPAOOTKU U MOIBIYKHOCTBHIO OKPYIKAIOIIETO €€ ITOPOJHOTO
MacCHBa, 4TO IMO3BOJMJIO AaTh KOJHMYECTBEHHO-KAYECTBEHHYIO OLIEHKY YCTOMYMBOCTH BBIPAOOTKM Ha OCHOBAHMU BECbMa JIUTENHHOTO
6-JIeTHEr0 re0TeXHUYECKOT0 MOHUTOPHHTA.

IIpakTHyeckas 3HAYMMOCTB. [loTydeHHBIE XapaKTepUCTUKH JedopMaruii MOPOJHOTO MAcCHBa, BPeMsl BTOPHIHOTO PaBHOBECHS U
HaIpsDKEHHS JICMEHTOB KPEIH B pe3yJIbTaTe JOJTOBPEMEHHOTO MOHUTOPHHTA MOATBEP I NPAaBIIBHOCTD BEIOOpa THIA Kpemu. Pe3ymnbpTa-
THl MOHUTOPHHTA TIOJIE3HBI 111 0OpaTHOTO aHaiuM3a (U3WIECKOH MOJIENTH M NMPUHATHIX B HEH IapaMeTpoB, KOTOPHIE BIIOCIEICTBHU MOTYT
KCIIOJIb30BAThCs JUI IIOCTPOCHUS YUCICHHOM MOJIEIIH.

Knirouegvie cnoga: monumopune nopoono2o maccuga, MOHUMOPUHS WAXMHOU Kpenu, YCMmOouYUugoCms 6blpabomKuy, HamypHule umepe-
HUSL, NPOGEPKA YUCTEHHBIM MOOETUPOBAHUEM
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