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Abstract

Purpose. To perform research and detailed analysis of the stress deformed state of rocks around the haulage roadway based
on the numerical modeling with the purpose to select the rational type and design of the haulage roadway support at the
Beskempir field.

Methods. A comprehensive research method has been used: review and generalization of references related to the study of
the stress deformed state of a rock mass, improvement of the walling technology, in-situ and laboratory tests in the research
and testing of rock samples strength; application of mathematical statistics and processing of experimental data using soft-
ware products. The numerical modeling of the stress deformed state was done using the Examine 2D application with due
account for the shape of broken rocks area, which is a 138x138x138 m regular triangle. Barton’s Q-system was used to the
RQD assessment.

Findings. The numerical modeling of the stress deformed state of rocks in the tectonic fault zone of the haulage roadway at
+230 m was performed, and the rock mass deformation zones were defined around the mine contours. The charts showing
displacement of roof rocks and walls of the haulage roadway were built, where it was established that the maximum dis-
placement was manifest over the tectonic fault zone. The following zones were identified: the rock mass instability zones, the
rock mass instability zones with due account for its fracturing, the zones of stable and unstable rock masses of the haulage
roadway. It was established that 41.6% of the working with the fault zone is unstable, and 58% of it is a more stable part. It is
proposed to divide the haulage roadway into three sections depending on the rock stability with a certain type of support.

Originality. Based on the study of the stress deformed state of the rock mass in the conditions of the Beskempir field, site-
specific unstable sections were identified. They ensured the selection of the support design with adjustable resistance.

Practical implications. The application of support with adjustable resistance depending on the rock mass stability ensures
minimization of costs for roadway support, maintenance of extensive sections of the working as well as enhanced mining
safety in specific mining and geological conditions of the Beskempir field.

Keywords: stress deformed state, rock mass, support, fault zone, support design, construction, tectonic faults, under-
ground workings

1. Introduction tion, it is necessary to exclude losses that occur in the process
of mining and processing of gold-bearing raw materials at the
stage preceding to the production of ready-to-use goods.

To increase the productivity of gold mining deposits, it is
necessary to perform significant capital development [5], [6].
In addition, it is known that to increase the productivity of
existing mines, it is necessary to build new levels. These
mine workings are used by people to transport rock masses,
to supply communication (compressed air, clean air, water
supply, electric cables, etc.) systems [7]-[9].

Therefore, these mine workings are underground
engineering structures. These workings should be able to
maintain their design shapes and dimensions [10]-[12]. That is,
during the entire life of the mine they are expected to maintain
their dimensions and long-term operability [13]. Therefore, the

One of the main strategic tasks of independent Kazakhstan
is to increase the gold and currency reserves, especially when
the global financial market at times experiences turbulence and
crises [1], [2]. Under these conditions, domestic monetary
investments in the economy, reliability and stability of the
tenge are of particular importance. In this regard, the role of
the country’s gold and currency reserves sharply increases.
Having great potential for a significant increase in the produc-
tion of precious metals due to commercial gold resources in
the subsoil, as well as due to gold in man-made mineral for-
mations, in concentration tailings and products of metallurgi-
cal treatment, Kazakhstan is far from fully using these oppor-
tunities [3], [4]. To achieve the goal of increasing gold produc-
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selection of the optimal type of support for mine workings and
the improvement of support structures by deeply studying the
physicomechanical properties and geomechanical conditions
of the rock mass is a mining priority.

A large contribution in assessing the state of the rock
mass and support of mine workings in complex geological
conditions was made by M.M. Protodyakonov, P.M. Tsym-
barevich, V.D. Slesareva, N.S. Bulychev, V.Ye. Bolikov
A.G. Protosenya, A.B. Makarov, M.l. Zharkenov, etc. who
proposed various methods for calculating rock pressure. The
patterns of rock pressure manifestations on the support were
widely used for stopes. At that the pressure on the support
was determined mainly using physical measurements, which
reflected the field-specific features and could not be used for
another field. In our case, the stability of the rock mass with-
in the same field varies.

To create a unified model of rock behavior during under-
ground mining, we used the representation of the consolidat-
ed rock mass states. However, the object under research falls
under various categories of the rock stability.

In this regard, our studies are targeted at the study of the
geomechanical state of the Beskempir deposit, classified as
the gold deposits of Kazakhstan. The ores belong to the gold-
quartz moderate sulfide formation. Associated components
are: silver and sulfide sulfur. The relief of the region is hill-
ocky, plain with absolute elevations +465-490 m. The cli-
mate is sharply continental, arid, with frequent strong winds,
mainly north-eastern. Summers are dry and hot; winters
lacking snowfalls with frequent thaws. Stable 0.3-0.4m
snow cover lasts from December to February. The average
annual temperature is + 5-6°C. The seismicity of the area is
6 points. The principle ore-controlling structures are feather-
ing shear fractures and ruptures. Their length is up to 2-3 km.
The inclination is multidirectional at 40-45 to 60-85°. An
important role in controlling the position of ore bodies be-
longs to dykes [13].

The weakest sections are couplings of quartz veins with
ore-controlling dykes. The morphology of ore bodies, espe-
cially at the Beskempir deposit, is complex. There are many
geological faults that shift ore bodies along the vertical and
horizontal plane from 1 to 20 m.

The hydrogeological conditions of the deposits are sim-
ple. There are no aquifers within or near the ore field, which
excludes single concentrated discharge of water into the mine
workings. Interstitial water. Actual inflow into underground
workings is 15-20 m%hour. Groundwater is aggressive to
concrete containing non-sulfide-resistant cement. Water is
not carbonate aggressive.

The Beskempir gold field is located in an intense tectonic
zone at the intersection of faults. The maximum disturbance
of rocks is noted in the western part of the field. The Bes-
kempir deposit is characterized by complicated, numerous
variously oriented disturbances from regional faults of the
ancient deposits (Kengirsky) and pre-existent second-order
faults (Beskempirsky, Dolinniy, etc.) to feathering fissures,
ruptures, shear fractures and fracture structures [14][15].

The present work analyzes the stress deformed state of
rocks around the haulage roadway of the Beskempir deposit.
The object under research, the haulage roadway, is an im-
portant object for the increase in gold production.

The total designed length of the roadway is 1200 m.
About 30% of the roadway is crossed with deformed rock
mass of medium stability prone to destruction, and the re-
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mained length of the haulage roadway (70%) is more stable.
The roadway is dome-shaped, the cross-sectional area is
$=109m? (L=3400mm, H=23450mm, R=2350mm,
r =890 mm). The analysis of the mining geological and min-
ing engineering conditions revealed that the stress deformed
state of the rocks around the haulage roadway is complex.
The complexity of this task is explained by the variety of rock
properties over the entire length of the haulage roadway.

2. Methods

Road-heading in the rock mass disturbs the natural state
of stress. As a result, a new state of stress is formed in the
rocks surrounding the mine working, which depends both
on the components of the initial stress field and the cross-
sectional shape of the mine working. The first attempts to
determine the rock pressure on the support of underground
workings were made in the second half of the nineteenth
century. However, a large number of studies of the rock
pressure emergence were carried out in the twentieth centu-
ry. This resulted in further development of the theory of rock
pressure. Researchers M.M. Protodyakonov, V.D. Slesareva,
P.M. Tsimbarevich,  S.G. Avershina, = G.N. Kuznetsova,
K.V. Ruppenyta, A.A. Barisova, F.Shpruta, A. Labassa,
V. Itersovna, U. Waker, etc. proposed methods for calculat-
ing rock pressure, each using a certain concept of behavior
of rocks during their underworking [16][17].

The mentioned methods ensure the determination of the
stress deformed state of a rock mass near a horizontal work-
ing. With due account for the existing conditions of the
researched object, we cannot determine the actual values
for choosing the type of support, however, it gives estimat-
ed dependences for solving problems in the conditions of
plane deformation. At the same time, it is necessary to take
into account the variety (the working crosses the fault zone)
of physical and mechanical properties throughout the haul-
age roadway.

The foregoing studies have revealed that, a special ap-
proach is necessary in the conditions of the Beskempir field,
especially for the haulage roadway, since this mine working
is subjected to different stresses. Therefore, the study of this
problem is associated with the variety of rock properties,
conditions of road-heading and occurrence of these workings
as well as the geometry of the workings.

To determine the zone of the stress deformed state of the
researched mass, the mining geological and mining engineer-
ing characteristics of the Beskempir field were studied. The
Beskempir ore bodies are represented by quartz veins with
beresite selvages in granodiorites. The hardness of the host
rocks on the Professor M.M. Protodyakonov’s scale is 11-14,
ore hardness, 16-17. The bulk density of ore and rocks is
2.73t/m3. The soil conversion factor is 1.6. The average
compressive strength in granodiorites is o = 135.33 MPa, in
arkose sandstones — oc=159.45 MPa, in quartz ores —
oc = 166.71 MPa, in beresites — oc = 125.32 MPa, in lampro-
phyres — o =90 MPa (Table 1). The bulk density of ores is
2.73 t/m3, that of the host rocks are 2.7 t/m?®.

The natural moisture content of rocks and ores does not
exceed 1.5%. The actual water inflow into underground mine
workings during geological exploration was varied from 7 to
17 m¥hour. According to calculations, the maximum
expected inflow depending on the depth will be from
20 m¥hour (level +216 m) to 32-35 m%hour (level —24 m).
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Table 1. Physical and mechanical properties and parameters of rocks at the Beskempir field

Physical and mechanical properties and parameters

Determined using laboratory tests

Determined using other sources
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In terms of complexity of the geological structure, the
Beskempir field is referred to the 3" group. The study of the
main regulatory and technical production documentation
revealed that over 1200 m the roadway was supported ac-
cording to category IV. Approved regulatory documentation
is made on the basis of all the requirements for choosing the
type of support. Although the researched object is not entire-
ly complex structurally.

3. Results and discussion

Strengthened support is used in unstable host rocks. Ana-
lyzing the sources [18], [19], it can be noted that the most
common types of supports in complex conditions are com-
bined supports. Such supports can bear high rock pressure
from overlying rocks, both at deep and shallow levels, where
high pressure results not only from the weight of a rock col-
umn, but also from structural disturbance of rocks.

To ensure trouble-free driving in conditions of high rock
pressure and structural instability of host rocks, the support
must meet the following requirements: high strength and
rigidity in the area of established rock pressure, and flexibil-
ity in the face zone.

Current practice of construction of underground works
reveals that the speed of driving depends on the type and
material of support, technology and the degree of mechaniza-
tion of its construction. And this in turn affects the cost of the
facility and the timing of its commissioning. One of the ways
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to reduce the cost of support of mine workings is the use of
combined support.

The analysis of the world practice of supporting under-
ground mine workings as well as the results of patent re-
search, it was found that up to 30% of capital investments
spent on driving the mine workings are spent on their sup-
porting [20][21].

Thus, an in-depth study of the design documentation for
the Beskempir field revealed that the horizontal excavation
(haulage roadway at +230 m) intersects two tectonic faults.
This significantly complicates its construction and stipulates
the selection of support category Ill. At the same time, this
roadway has a significant impact on the main mining param-
eter: productivity, labor intensity, cost of ore mining as well
as the safety.

In order to select the optimal type and justify the design
of the horizontal support as well as to determine the duration
of the main tunneling operations, a detailed study of the min-
ing geological and mining engineering conditions along the
mining route was carried out. Figure 1 shows the tectonic fault
zones that were identified during a detailed study of the haul-
age roadheading at the +230 m level of the Beskempir field.

A detailed analysis of the field’s opening scheme re-
vealed that the haulage roadway passes through two faults
(No. 2 and No. 3). Furthermore, an area of destroyed rocks is
formed above the working in the form of a regular
138x138x138 m triangle (Fig. 1).
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Figure 1. Parameters of contours of rock mass fault in the area of
location of the workings

To specify the boundaries of the fractured zone, we have
studied the software packages PLAXIS 8.2; Examine 2D. A
comparative analysis led to the selection of the Examine 2D
program (Table 2).

Table 2. Established fault zones

Dimen- Dimensions Max
Dimensions sions of
of the working, m the fault Of stress stress,
! spread, m MPa
zZone, m
Working’s _ 2 _ from 0 from 30
area . ks to 183 to 60
Working’s _ _ from0 from 30
length L= 1300 b=138 to 52 to 90
Working’s _ _ From from 30
width B=34  c=138 4415 10120

The program is interactive and easy to use, ideal
for quick parametric analysis, preliminary design, and as a
training tool in numerical stress analysis in geotechnical
problems [22][23].

The stress deformed state around the working’s contour
containing two tectonic faults was investigated within the
estimated area shown in Figure 2.

Figure 2. Model of spread of the rock mass stress deformed state

To identify the zone of the rock mass stress deformed state,
the basic input data were entered into the Examine 2D pro-
gram, as a result of which the zones of spread of the rock mass
deformations around the working’s contour were determined.
This program ensured the monitoring of rocks behavior in the
tectonic fault zone of the haulage roadway at the +230 m level.

The approximation of the estimated area of the rock mass
was performed using finite elements.

Taking into account the available symmetry, the largest
disturbed section of the working in the estimated area was
considered where faults No. 2 and No. 3 intersect forming the
regular triangle. The size of the estimated area is: a =138 m,
b =138 m, c =138 m (along the X, Y axes respectively).

At the initial stage of research, a natural stress state of the
rock mass was formed within the estimated area with due
account for tectonic disturbance.

The resulting stress deformed state of the rock mass was
the source data for the subsequent stages of the calculation.

Modeling of the haulage roadway was performed in the
following sequence:

—stage 1: determination of zones of the unstable part of
the rock mass with due account for the size of the tectonic
fault along the length of the working;

— stage 2: determination of the instability zone of the rock
mass with due account for the rock mass fracturing;

— stage 3: determination of the zone of spread of stable
and unstable rock mass of the haulage roadway.

Thus, as a result of the research, the zones of spread of
the rock mass deformations around the working’s contour
were identified, i.e. the modeling ensured the monitoring of
rocks behavior in the fault zone. Based on the model of
spread of the rock mass stress deformed state, the researched
object was divided into three sections depending on the rock
mass stability (Fig. 3 and 4).

Figure 3. Model of spread of the rock mass stress deformed state
with due account for its fracturing

With the purpose of detailed analysis of the researched
object and optimal selection of the type of support, cores
around 308-322 blocks were extracted, which provided addi-
tional source data on the physical and mechanical properties
of the rocks around the haulage roadway.
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Figure 4. Distribution of zones depending on the categories of
rock mass stability

Strength tests of these samples were done in a geological
laboratory on a special press by means of crushing. On the
basis of laboratory data, displacement [24], [25] around the
working was determined, which also proves the presence of a
fault (Fig. 5 and 6).
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Figure 5. Estimated displacement in the roof of the haulage roadway
according to Professor M.M. Protodyakonov’s method
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Figure 6. Estimated displacement in the walls of the haulage roadway
according to Professor M.M. Protodyakonov’s method

The type of support for a horizontal mine working is tradi-
tionally selected depending on the stability category (Table 3),
the criteria of which account for the displacement value U.

According to this method, the categories of mine work-
ing’s stability are determined according to the absolute value
of the maximum rock displacements on the cross-sectional
contour, which are determined differentially in the mine
working’s roof, bottom and walls. The maximum displace-
ment value of the investigated object corresponds to support
category 1V (Fig. 7).

It is evident that the maximum displacement value is
valid over a length of about 300 m, and the rest of the values
are much lower.

Table 3. Criteria for determining rock stability categories in compliance with the traditional method (according to Construction Norms

and Rules 11 -94-80)

Displacement U, mm

Rock stability Assessed Sedimentary rocks (sand- Igneous rocks Saliferous rocks (rock
category rock stability stones, siltstones, argil- (granites, diorites, salt, sylvinite, carnallite,
lites, limestones, coal, etc.) porphyrites, etc.) etc.)
| stable up to 50 up to 20 up to 200
1l medium stable over 50 to 200 over 20 to 100 over 200 to 300
Il unstable over 200 to 500 over 100 to 200 over 300 to 500
v highly stable over 500 over 200 over 500

Figure 7. Accepted support design. Monolithic concrete support
with a 200 mm concrete thickness in the attic zone of
the mine working, and 300 mm thickness in the walls
(concrete class B15)

Although the total length of the mine working is 1300 m,
about 600 m of which is classified as fragmented and highly
unstable section of the rock mass.
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The selected category of support for the haulage
roadway is not rational because the existing displacement
values are not uniform. To assess the rock stability in the
researched object, we use Barton’s Q-system [26][27]. The
particularity of this method ensures the impact assessment
of such factors as rock strength and quality, development
depth, cross section of mine workings and stress state in the
surrounding rock mass, the number and condition of frac-
tures, including the degree of their alteration. Therefore,
Barton’s Q-system is more suitable for the conditions of our
facility and allows the determination of stability of the re-
searched roadway (Table 4).

Classification of rocks by stability relative to Q-rating
intervals and their correspondence to stability categories
(Table 5 and 6).

Based on the above-mentioned Barton’s Q-system, with
due account for the rocks stability parameters, various types
of support are recommended for each section of the investi-
gated object (roadway), the span of an individual structure of
which also depends on the value of the stress deformed state
of the section (Fig. 5).
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Table 4. Classification of rocks by stability relative to Q-rating intervals

Q-rating Description Categqry according Stability
of the rock mass to Mining Rules degree
0.01-0.001 exceptionally soft
0.01-0.1 extremely soft \% very unstable
0.1-1.0 very soft
1-4 soft v unstable
4-10 medium 11 medium stable
10-40 hard I stable
40-100 very hard [ very stable

Table 5. Recommended types of support by rock stability categories in compliance with Barton’s Q-system

Rock stability

category Type of development

Type of support

Capital development

Very stable (1) Temporary and non-capital

development

Shotcrete at least 30 mm thick.
In junction points: anchors + shotcrete

No support required (if life of the mine working does not exceed 5 years).

In junction points: anchorage

Capital development
Stable (I1)
Temporary and non-capital
development

Combined (anchors + shotcrete).

In junction points: combined (anchors + wire net- or
fiber-reinforced shotcrete at least 50 mm thick)
Shotcrete at least 50 mm thick.

In junction points: combined (anchors + shotcrete)

Capital development

Medium stable (111)
Temporary and non-capital
development

Composite (anchors + wire netting + shotcrete at least 50 mm thick).

Instead of wire netting it is allowed to use fiber-reinforced
shotcrete at least 50-90 mm thick
Combined (anchors + shotcrete at least 50 mm thick)
In junction points: combined (anchors + wire netting + shotcrete
at least 50 mm thick). Instead of wire netting it is allowed
to use fiber-reinforced shotcrete at least 50-90 mm thick

Stable (IV) All types of development

Very stable (V) All types of development

Metal arch support + shotcrete. Monolithic concrete support.
Composite (anchors + wire netting + fiber-reinforced shotcrete)

Special drivage methods are required to change the rock category into
higher stability category, i.e. the application of compressible support in

combination with forepoling and protective support

Table 6. Recommended types of support and its gap from the face in compliance with Barton’s Q-system

Rock stability

category Type of support Permissible support gap from the face
No support Not specified
| Shotcrete Up to 100 m
Anchor In junction points: not more than 1m
Shotcrete Upto10m
I Combined Anchors not more than 0.8-1 m, shotcrete up to 10 m
(anchors and shotcrete)
. L The first layer of shotcrete is applied without any gap.
1l Composite (anchors with wire Then anchors and net are installed, and another layer of shotcrete
netting and shotcrete) . - :
is applied on the net with a 0.8-1 m gap
Metal arch support +shotcrete Shotcrete without any gap, arch support up to 1 m
Monolithic concrete support Uptolm
v Combined (anchors and monolithic Anchors without any gap.
concrete or metal arch support) Monolithic concrete or metal arch support: up to 1 m
Composite (anchors + netting + Anchors and net without any gap.
thick shotcrete) Shotcrete without any gap
Metal arch support
Monolithic concrete support
Conﬁb'.”ed (rock bolting and No gap is permitted. Special drivage methods are required
monolithic concrete or metal arch . ? o
\Y support) to cr_]ange the rqck category into r_ugher stabl!lt_y category
Composite (resin-grouted roof (i.e. the application of forepoling or rock injection)
bolts + netting +
thick shotcrete)
Notes:

1)when driving in the rocks of different stability, including in tectonic fault zones, the gap of support should be accepted depending on the

weakest rocks;

2) the gap of support is indicated at the time of drilling provided high-quality roof scaling and wall trimming and availability of drilling

and blasting permit from the mine overseer.
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The performed tests confirmed the appropriateness of
span and category of support for the researched object and
revealed advantages in comparison with the selection of
support using the traditional method. The improved type of
support corresponds to the stress deformed state in the fault
zone, forming a set of individual support structures (Fig. 8).

The accepted thickness of the shotcrete support in the
stable part of the mine working is at least 3 mm. The shot
concrete support is used as a basic support. In the zone with
stability category Il and 111, the basic support is used in com-
bination with anchors of different sizes. In the weakened
zones (stability category 1), the thickness of shotcrete sup-
port is not less than 5 mm. In the fragmented unstable zone,

Basic support
(shotcrete support
3 mm thick)

Combined support (basic
support) 5 mm thick + an-
chor support length: 2.5m,
anchordensity: 1.39 pe/m?,
distance between anchors
in a row and rows of bolts:
0.85mx0.85m

Combined support (basic
support) 9 mm thick + anchor
support length: 1.8 m, anchor
density: 1.39 pe/m?, distance
between anchors in a row and
rows of bolts: 0.85m x 0.85m,
metal netting with a diameter

the thickness of shotcrete is 5-9 mm. For support the zone of
stability category 11, an additional metal mesh is used. When
using the support with metal mesh, anchors and shotcrete, the
shotcrete must cover the metal mesh completely. The metal
mesh should be made of a metal 4-6 mm bar (mesh size:
10x10 cm).

The anchor support is used in combination with the basic
support in rocks of stability categories Il and Ill. The param-
eters of the anchor support are selected on the basis of the
main dimensions of the mine working, and are as follows:
bolt length 1.8-2.5 m, the anchor density: 1.39 pcs/m?, the
distance between anchors in a row and rows of bolts:
0.85-0.85 m.

Basic support
(shotcrete support
3 mm thick)

!
-
Combined support (basic '
support) 5 mm thick + an- |-
chor support length: 2.5m, |
anchordensity: 1.39 pe/m?,
distance between anchors
in a row and rows of bolts:
0.85mx0.85m

not less than 6 mm (mesh size)
10x10sm

Figure 8. Recommended type of support with adjustable resistance along the mine working

4, Conclusions

Underground operations in prone to cave-in and unstable
rock masses limit the use of energy-intensive equipment and
technologies. In turn, this situation leads to a sharp decrease
in labor productivity and safety at mineral resource develop-
ment. The use of traditional supports at roadheading and
supporting of underground mine workings in complex geo-
logical conditions requires large labor and financial invest-
ments and cannot ensure a safe working environment.

As a result of a detailed analysis of the stress deformed
state of the rock masses in the fault zone, four typical sections
were identified. And depending on the degree of the stress
deformed state of rocks, it was recommended to use a specific
design of support with adjustable resistance in each zone. The
implementation of support with adjustable resistance allows to
exclude unreasonable safety factor of support in areas with
favorable mining and geological conditions and to prevent its
destruction and repeated supporting in adverse conditions due
to the timely increase in bearing capacity.

Support with adjustable resistance is a combination of in-
dividual support structures and their combinations installed
along the mine with optimal parameters for its various sec-
tions determined on the basis of continuous monitoring of the
rock contour displacement. The support with adjustable re-
sistance in our case includes the basic support (shotcrete) and
reinforced supports (combined support).

34

Thus, based on the preliminary data from the above-
mentioned study, it is possible to monitor the stress deformed
state of the rocks around the mine working. The studies of
physical and mechanical characteristics and spread of the
stress deformed state with due account for the fault around
the mine working lead to the following conclusion. It was
established that 41.6% of the mine working with due account
for the fault zone is unstable, and 58% of it is a more stable
part. This means that stress state changes drastically
throughout the mine development. The largest part of the
mine working is reliable, although according to the project it
is completely supported (100%) in compliance with category
111 (monolithic concrete support). A certain stress deformed
state ensures the adjustment of the support’s length with due
account for specific data. In line with these values it is rec-
ommended to use the specific design of support with adjust-
able resistance, where only 23% of the mine working length
corresponds to support category Ill. Thanks to the use of
such supports, it becomes possible to control the rock pres-
sure in the complex mining geological conditions of the
Beskempir field.

The recommended support with adjustable resistance
ensures the increase in the strength and safety of the
entire structure, the reduction of labor-intensity and cost of
structures as well as the increase in the manufacturability
of operations.
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AHaJi3 HaNpy:KeHo-1e()OPpMOBAHOI0 CTaHy NMOPil HABKOJIO
TPaHCHOPTHOro mMTpPeKy poxoBumia “beckemnip” (Kazaxcran)

A. Beraninos, T. Anmenos, P. )Kanakosa, b. Bektyp

Merta. [locnikeHHs Ta IeTalbHUI aHati3 HanpyxeHo-nedopmosanoro crany (H/IC) ripcbkux mopiJ HaBKOJIO TPAHCIIOPTHOTO IITPEKY Ha
OCHOBI YHCEITFHOTO MOJICTIFOBAHHS Ul BHOOPY PalliOHATBHOTO TUITY 1 KOHCTPYKIIT KPIIUIEHHS TPaHCIIOPTHOTO ITPEKyY poxoBuina “becriemrip”.

MeToauka. BukopucTaHo KOMIUIEKCHHH METOJ JOCIIKEHHS: aHaNi3 1 y3aralnbHeHHs JiTepaTypHux mxepen 3 BuBueHHS HJIC ripch-
KHX TIOpiJ MacHBY, BJOCKOHAQJICHHS TEXHOJIOTI] KpIIUIEHHsS TipHHYMX BUPOOOK; HAaTypHHX 1 jJabopaTopHHMX BHIpPOOYBaHb NpPH IOCIi-
JDKEHHI Ta BU3HA4YEeHHI MII[HOCTI 3pa3KiB TipCHKHMX MOPiJ; 3aCTOCYBAaHHS MaTeMaTHYHOI CTAaTUCTHKU Ta OOpPOOKH eKCIIepUMEHTAIbHHUX
JaHUX y mporpaMHuX nponykrax. Yucenbne moaentoBanHs HJC BukonaHo B mporpami Examine 2D 3 ypaxyBaHHSIM YTBOPEHOi 00JacTi
3pyHHOBaHMX MOPiA Y BUTJISAI IPaBHIBHOTO TPUKYTHHUKA 31 cTopoHamu 138x138x138 m. [Iyist oLiHKM CTIHKOCTI MOPiJ BAKOPUCTOBYBAIN
Meroauky baprona (Q-peituHr).

PesyabTaTn. Bukonano uncensne moaemoBanHs H/IC Tipcbkux mopia B 30HI TEKTOHIYHOTO PO3JIOMY TPAHCIIOPTHOTO IITPEKY HA TOPH-
30HTI +230 M 1 BU3HAYEHO 30HU MOMMUPEHHS JedopMariiii MacuBy HaBKOJIO KOHTYpPY BHpoOKH. [100ynoBaHO rpadiku 3MIMEHHS TOPIiJ MTOKPi-
BIi Ta OOKIB TPAHCIIOPTHOTO IITPEKY I BCTAHOBJICHO, [0 MAaKCHMaJbHi 3MIIIEHHS MPOSIBISTIOTHCS TPOTATOM 30HH TEKTOHIYHOTO PO3JIOMY.
BusiBneHo 30HM HECTIHKOCTI MacHBY, 30HH HECTIHKOCTI MacuBY 3 ypaxyBaHHSM TPIIIMHYBAaTOCTI MacHBY BUPOOKH, 30HH IOIIMPEHHS CTii-
KHX 1 HECTIFIKMX MacHBIB TPaHCIIOPTHOTO WITpeKy. BcraHOBIICHO, 1110 BUpOOKa 3 ypaxyBaHHSM PO3JIOMY Ma€ MPOTSKHICTH HECTIHKOI YacTH-
HH MacuBy 41.6%, a GinbI crifika yacTuHa BUPOOKH — 58%. 3anpOnoHOBaHO NPOTSHKHICTH TPAHCTIOPTHOTO LITPEKY PO3AUIUTH Ha 3 IISAHKH
3a CTIlKiCTIO TipCHKUX MOPiJ] 3 IEBHUM BHOM KPIILICHHSI.

HaykoBa HoBu3Ha. i1 ymoB ponosuma “beckemmip” y TpaHcmopTHOMY mITpeKy Ha ocHOBi BuBueHHS HJIC MacuBy ripchkux mopin
BHSIBJICHO XapaKTEPHI AUIAHKY 32 CTIMKICTIO, IO TO3BOJIHMIIO BU3HAYUTH KOHKPETHY KOHCTPYKIIIO KpiIUIeHHS peryasoBaHoro onopy (KPO).

IpakTnyna 3HaunMicTs. 3acrocyBanns KPO 3anexHo Bif CTIHKOCTI MacuBY TipCHKHX IIOPiJ, 103BOJISIE MiHIMI3yBaTH BUTPATH Ha Kpi-
IUICHHS IITPEKy 1 MATPUMaHHS MPOTSHKHUX JUITHOK BUPOOKH, a TaKOX ITIBUIIUTH Oe3IIeKy BEACHHS TipHUUMX POOIT y KOHKPETHHUX TipHH-
4O-T€0JIOTIYHUX YMOBaX beckeMmipchKoro pofoBuIna.

Knrouosi cnosa: nanpyosceno-oepopmosanuii cmam, nopooHuti Macus, KpinieHHs, 30Ha po3ioMy, KOHCMPYKYis KpinieuHs, 0yoieHuymeo,
TMEKMOHIYHE PO3NOMU, NIO3EMHI UPOOKU
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AHAIU3 HANIPSIKEHHO-Ae()OPMHUPOBAHHOI0 COCTOSIHMS MOPOJ BOKPYT
TPAHCHOPTHOrO WITPeKa MecTopoxaenus “Beckemmup” (Ka3axcran)

A. beranunos, T. Anmenos, P. )Kanakosa, b. bektyp

Heas. MccnenoBanre u 1eTadbHBINA aHATU3 HapspKeHHO-AedopmupoBaHHOTO cocTostHUS (HAC) TOpHBIX OpOI BOKPYT TPAHCIIOPTHOTO
ImTpeKa Ha OCHOBE YHCIEHHOTO MOJEIMPOBAHUS I BEIOOPA PAIOHAIBHOTO THIA M KOHCTPYKIUH KPENH TPAHCHOPTHOTO INTPEKa MECTO-
poxnenus “beckemmnup”.

MeTtoaunka. Vcronp30BaH KOMIUIEKCHBIH METOJ] HCCIEIOBAHNS: aHAN3 U 0000IIeHNe JINTepaTypHEIX HCTOYHUKOB 110 m3ydeHnto HJIC
TOPHBIX TOPOJI MacCHBa, COBEPLICHCTBOBAHUIO TEXHOJIOTHU KpEIJICHHs TOPHBIX BBHIPAOOTOK; HATYPHBIX M Ja0OPaTOPHBIX HCIBITAHUHA MPH
HCCIICZIOBAHUH H OIIPE/ICIICHUH IPOYHOCTH 00pa3LoB TOPHBIX MOPOJI; IPUMEHEHUIO MAaTEMAaTHIECKOI CTATUCTHKU U 00pabOTKH 3KCIEPUMEH-
TaJIbHBIX JAHHBIX B MPOTPaMMHBIX MpoaykTax. UucnenHoe moaenuposanue H/IC BrimonaeHo B mporpamme Examine 2D ¢ yyetom o6paso-
BaHHOU 00aCTH pa3pyLICHHBIX MOPOJ B BHUIE MPABWILHOTO TPEyrojbHHKa co cropoHamu 138x138%138 m. [Inst OLEHKH YCTOHYHBOCTH
MTOPOJI UCTIONIB30BaNTN MeToAuKY baprona (Q-peiTuHr).

Pe3yabrarsl. Bemonxeno unciaenHoe mogenupoBanre HJIC cocTostHHS TOPHBIX MTOPOJ B 30HE TEKTOHUYECKOTO Pa3IoMa TPAaHCIIOPT-
HOTO IITpeKa Ha Topu3oHTe +230 M 1 onpeeeHbl 30HbI PacIpOCTpaHeHHs feopManuii MacciBa BOKPYT KOHTypa BbIpaboTkH. IlocTpo-
€HBI TpaUKK CMEIIeHHe TTOpOo]] KPOBIH M OOKOB TPAaHCIIOPTHOTO IITPEKa U YCTAHOBJIEHO, YTO MaKCHUMaJIbHBIE CMEIICHNE MPOSBIITIOTCS
Ha MPOTSHKEHUH 30HBI TEKTOHHYECKOTO pa3joMa. BEIsBICHBI 30HBI HEYCTOHYMBOCTH MacCHBA, 30HBI HEYCTOWYHBOCTH MAaCcCHBA C Y4ETOM
TPEIINHOBATOCTH MacCHBa BBIPAOOTKH, 30HBI PACIPOCTPAHEHHs YCTOWUYHBBIX U HEYCTOWYMBBIX MaCCHBOB TPAHCIIOPTHOTO IITpeKa. Ycra-
HOBJICHO, 4TO BBIPA0OTKA C YYETOM pa3IoMa UMEET MPOTSKEHHOCTh HEYCTOHUMBOI yacTH MaccuBa 41.6%, a Gonee ycTOWIMBON dacTH
BbIpaboTKH — 58%. IIpe/nokeHo MpOTSHXKEHHOCTh TPAHCIIOPTHOTO INTPeKa pa3AeiuTh Ha 3 ydacTKa IO YCTOHMYMBOCTH TOPHBIX HMOPOJ C
OTIpE/ICICHHBIM BHIOM KPEILUICHHS.

Hayunas HoBu3Ha. i1 ycnoBuit MecTopoxkIeHus “beckeMnup” B TpaHCIIOPTHOM IITpeke Ha ocHOoBe m3ydeHHs H/IC maccuBa ropHBIX
MIOPOJT BBISIBJICHBI XapPAaKTEPHBIE YIACTKH MO YCTOMIMBOCTH, YTO TO3BOJIMIIO ONPEAETUTh KOHKPETHYIO KOHCTPYKIHUIO KPETIH PEryIHpyeMOoro
conporusnerus (KPC).

IpakTnyeckast 3Ha4UMOCTb. [Ipnvenenne KPC B 3aBHCHMOCTH OT yCTOWYMBOCTH MAacCHBa TOPHBIX ITOPOJ IO3BOJISICT MHHHMHU3HPO-
BaTh 3aTpaThl Ha KPEIUICHUE LITPeKa U IMOIepKaHue MPOTSHKCHHBIX YYaCTKOB BBIPAaOOTKH, a TAaK)Ke MOBBICHTH 0€30MaCHOCTh BEICHUS Top-
HBIX pa0OT B KOHKPETHBIX TOPHO-T€OJIOTMYECKUX YCIOBHUAX becKeMIupcKoro MecTopoXKIeHusl.

Knrouesvie cnosa: nanpsxcenno-0ehpopmuposantoe cocmostue, NOpOOHblll MACCU8, KpenneHue, 30Hd pasiomd, KOHCMPYKYUs Kpenu,
Cmpoumenbcmeo, meKmoHu4ecKue paznombl, no03emubvle Gblpabomxu
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