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ABSTRACT

Purpose. To substantiate the informative parameter, to develop the method and equipment for non-destructive testing
(NDT) of rock bolt fastening, as an element of geomechanical monitoring of the mine workings state.

Methods. Analytical and bench experimental testing of shock-wave processes in the “rock bolt —bonding layer —
rock massif” system.

Findings. It has been established, that the non-destructive shock-wave method is the most satisfying for monitoring
the geomechanical state of the “rock bolt — bonding layer — rock massif” system. This method is based on the regis-
tration and analysis of rock bolt oscillations, caused by non-normalized hit to the rock bolt end. It has been con-
firmed, that the most informative parameter is the relaxation time, that is the time over which the amplitude of oscil-
lations decreases by “e” times. It has been shown, that clamping of the resin-grouted rock bolt in massif and its ten-
sioning affects the relaxation time of damped oscillations. Furthermore, the relaxation time is inversely proportional
to the degree of the rock bolt clamping, and is linked linearly with an increase in the rock bolt tensioning. The spec-
tral composition of wedge shaped rock bolts self-oscillations, which are caused by impact excitation, depends both

on the nature of clamping and on the rock bolt length, and makes it possible to identify the rock bolts by their length.

Originality. The existence of a special type of damped longitudinal oscillations of the rock bolt in viscoelastic medi-
um of the bonding layer has been established. The relaxation time of the specified type of oscillations was chosen as
an informative parameter. An analytical link has been established between the informative parameter of shock-wave
method of monitoring and the main indicators of rock bolt fastening quality: the degree of adhesion with massif and
tension value.

Practical implications. The method has been improved and equipment has been developed for non-destructive test-
ing of rock bolt fastening, which makes it possible to control in-situ the rock bolt fastening quality, including the
geomechanical state monitoring of mine workings.

Keywords: mine working, monitoring of state, rock bolt, non-destructive testing, method, equipment and methods of
control

1. INTRODUCTION

The mining industry is among the “leaders” in terms
of the number of accidents, hard labor, capital invest-
ments volume and production infrastructure complexity.
If to exclude the human factor, then 70 — 80% of acci-
dents in mines are caused by various geomechanical
factors: rock pressure and its manifestations, stress-strain
state of the rock massif, support and security structures
state, etc. The rock massif geomechanics affects signifi-
cantly the production costs volumes (Wang, Hagan, &
Cao, 2016). It is possible to reduce these costs and in-
crease the production safety by optimizing the fastening
technology of the underground workings when simulta-

neous introducing a system control (monitoring) of their
geomechanical state (He, Van Velsor, Lee, & Rose,
2006; Zou & Cui, 2011; Moridi, Sharifzadeh, Kawamura,
& Jang, 2018; Tamrakar, Asaue, Shiotani, Chang, &
Fujiwara, 2018).

At present, the most progressive technology of rock
bolt fastening is used in production of most iron ore and
non-metallic mines, as well as in almost half of mine
workings in the coal mines of Ukraine. This is widely
used in the “New Austrian” and other methods of civil
construction (metro, transport tunnels, underground
storages) (Li, 2017).

However, the rock bolts have two significant draw-
backs. Firstly, there are high requirements for comp-
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liance with the construction technology, especially with
such parameters as the rate of constructing, the rock bolt
length and angle of inclination, diameter of the borehole,
the characteristic of the binder, its quantity and filling
uniformity, and tightness of the borehole. The rock bolt
adhesion with the rock massif, its load-bearing capacity
and, as a result, the mine workings stability depends on
this. Secondly, the inability to visually monitor the rock
bolts state. In practice, the method of determining the
force of mechanical pulling of the rock bolt is periodical-
ly used (Zhao & Yang, 2011; Bastami, Shahriar, &
Ghadimi, 2017; Liu, Wang, Huang, & Jiang, 2017,
Thenevin et al., 2017). This method is effective only for
selective monitoring because it belongs to destructive
class of control. The monitoring recommended by the in-
dustry standard of SOU Ukraine 10.1.05411357.010:2014,
for example, includes the use of contour and depth
indicators with a very coarse grid — one controlled rock
bolt in the interval from 20 to 100 m of mine working.
The existing non-destructive methods for monitoring
the rock bolts developed in the USA, Russia and other
countries (Ivanovic & Neilson, 2013; Forbes, Vla-
chopoulos, Hyett, & Diederichs, 2017), solve the prob-
lem only partially, for the following reasons. Firstly,
they mostly use the spectral composition of rock bolt
oscillations as an informative parameter, which compli-
cates significantly the equipment and information pro-
cessing method (Voznesenskiy, Koryakin, & Voznesen-
skiy, 2016). Therefore, they are mainly used for re-
search work or limited control in particularly problem
areas. Secondly, they have a low protection level
against acoustic disturbances, which constantly accom-
pany mining production (Shi et al., 2018). Thirdly, they
do not provide for the accumulation and automatic
processing of control data, which is extremely im-
portant for improving ergonomic indicators and the
assessment quality with a non-normalized force of os-
cillations excitation.

Therefore, the purpose of the work was stated — to
improve the method and develop the means of monito-
ring the geomechanical state of the “rock bolt — rock
massif’ system for operational assessment in the mode
of monitoring the quality control of rock bolt fastening
in the rock massif and its loading under conditions of
existing production in the mine workings.

2. METHODS

The theoretical and experimental research methods,
as well as results analysis and synthesis are used in the
work. When developing the methodology, the materials
of papers (Blanco-Martin, Tijani, Hadj-Hassen, & Noiret,
2013; Kang, Yang, & Meng, 2015; Li, Kristjansson, &
Heien, 2016) were used.

The experiments were performed on two special test
benches. The schemes of these benches are presented in
Figures 1 and 2. The oscillatory processes were studied
on a steel rock bolt of 22 mm in diameter, 1.2, 2.4 and
2.7m in length. The oscillations, caused by hammer
impact on the rock bolt end, were registered by the spe-
cial sensor, mounted on the side surface of rock bolt free
part, and then they were transmitted to a computer, where
the special SpectralLab software was used to process data.
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Figure 1. The first test bench structure: 1 — platform;
2 —support bearing; 3 —rock bolt; 4 - clamping
element

Figure 2. The second test bench structure: 1 — tray; 2 — tray
section; 3 — support bearing; 4 — rock bolt; 5 — nut;
6 — hardening filler

The characteristics change of the rock bolt with dif-
ferent conditions of its clamping were modeled on the
first test bench. The clamping conditions (from pointwise
to close-set) were provided by special removable compo-
nents. The second test bench was used to study the oscil-
lation processes with different tension of the rock bolt.
The forcing was created with a torque wrench and fixed
with binder (concrete or polymer). The purpose of the
experiment was to establish the dependence of the rock
bolt self-oscillations parameters on the quality of its
fastening, and to determine the informative parameter of
the control method.

The theoretical studies were carried out using
the known oscillations theory principles and mathemati-
cal statistics.

A simplified mathematical model of dynamic interac-
tion in the “rock massif—rock bolt” system is a rock
massif with delamination of some arbitrary thickness, in
which a borehole was drilled. The rock bolt is set into the
borehole, which contacts with the rock through a bonding
layer (polymer, concrete, etc.). A certain force hit is
applied to the rock bolt end. The body of rock massif
with delamination and the rock bolt is equal to m and is
proportional to the rock bolt length /. The bonding layer
has a rigidity k and viscosity #. The force of impact exci-
tation of the rock bolt along the conditional X axis of the
rock bolt, is equal to F;.

Three variants of boundary conditions are considered:

a) rock bolt is clamped on one end without bonding
layer;

b) rock bolt is clamped on both ends without bonding
layer (wedge type rock bolt);
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c) the rock bolt is fully clamped along its length in vis-
coelastic medium (resin-grouted or cemented rock bolt).

The purpose of these research is to establish an analyti-
cal link between the control method informative parameter
and the quality characteristics of the rock bolt fastening,
as well as to improve the method results reliability.

3. RESULTS AND DISCUSSION

The method of rock bolt fastening quality and its load-
bearing capacity control is based on the patterns of rock
bolt interaction with the rock massif, as well as the oscil-
latory processes in the “rock massif— bonding layer —
rock bolt” system, caused by external dynamic impact.
The source of this impact is a hit to the rock bolt end.

When performing theoretical studies, it was taken into
account that in a real situation there are several forms of rock
bolt longitudinal oscillations with various physical nature:

— based on the rock bolt material and geometry, con-
sidering its boundary conditions of fastening on different
ends without contact with medium (variants “a” and “b”);

— determined by the rock bolt movement as an abso-
lutely rigid rod in a viscoelastic medium (variant “c”).

Frequencies spectral composition for variants “a” and
“b” is determined by:

B (2n+1)ﬂ'Vp .

p
w, = ; o= , 1
/e 27 (1)

where:
V, — longitudinal wave velocity in the rock bolt;
n=1,2...c0.
Steel bolt main oscillations frequencies, depending on
its length, are given in Table 1.

Table 1. The main frequencies of oscillations for rock bolts

Frequency, Hz

Rock bolt length, m

variant “a” variant “b”
1.2 6618 13236
1.8 4413 8826
2.4 3309 6618
2.7 2942 5584
4.0 1986 3972

In case of a resin-grouted rock bolt or cemented rock
bolt, the rod oscillations in a viscoelastic medium, the
rigidity of which is much less than the rock bolt material
itself (variant “c’), occur much more complex. In the
static position, the rock bolt is under the tension force Py.
When being hit, the rock bolt acquires an initial velocity,
the vector of which is directed along the X axis. In the
opposite direction, a viscous resistance force will act, the
value of which is proportional to the current velocity of the
moving mass and the length of the rock bolt, as well as an
elastic force with the value proportional to the current
displacement x. Due to these forces, the rock bolt velocity
will decrease, and the direction of mass acceleration will
be negative relative to the X axis orientation. In general
case, this process can be described by the expression:

| amke?
PO 2m 2m ’
xX= 7 + 4pe > 2)
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where:

Ap— initial amplitude of rock bolt oscillations.

The physical significance of the first summand is
the static elastic deformation of the rock bolt tension,
which is determined by the pretension value. The sec-
ond summand is the comprehensive recording of spring
pendulum damped oscillatory process in a viscous me-
dium. In this case, the rock bolt performs longitudinal
oscillatory movements along the borehole axis as a
single unit. Other forms of oscillations (longitudinal,
transverse, and torsional) are caused by alternating
elastic deformations of the rock bolt material itself and
depends less on contact conditions with the surface of
external medium.

The second exponent expression describes the fre-
quency, which in a complex way depends on the two
main indicators that determine the rock bolt fastening
quality — rigidity indicator k and viscosity coefficient #.
These parameters are reduced with fastening quality
deterioration.

It was established experimentally that:

—the rock bolt longitudinal self-oscillations fre-
quency, due to its contact with a viscoelastic medium, is
2 — 6 times lower than the main oscillations frequency in
the rock bolt material and depends on the elastic proper-
ties of the material and conditions of the rock bolt clam-
ping on the ends;

— the deterioration of the quality of rock bolt fastening
in the viscoelastic medium leads to a decrease in the fre-
quency of the spectral density maximum of oscillations
and an increase in the initial amplitude of oscillations.

The spectrum of loosely fastened rock bolt is shown
in Figure 3, and the normally fastened rock bolt is in
Figure 4. These spectra determine the operating frequen-
cy range, which depends only on the contact conditions
of the rock bolt with the bonding layer viscoelastic medi-
um. For the rock bolts from 1.2 to 2.7 m in length it
ranges from 0.5 to 1.5 kHz. There is a tendency of fre-
quency increase of spectral density maximum with a
decrease in the rock bolt length, but a small number of
available rock bolts with different lengths (1.2, 2.4 and
2.7 m) prevents from establishing the reliable analytical
link between these parameters.
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Figure 3. The oscillations spectrum of a loosely fastened rock
bolt of 2.4 m in length
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Figure 4. The oscillations spectrum of a normally fastened
rock bolt of 2.4 m in length

The low frequency components of oscillations are as-
sociated with the inertia of the “rock bolt — bonding layer —
rock massif” system and are manifested in the total spec-
trum of oscillations with a certain delay relative to higher
frequencies, which is explained by a rather high sound
velocity in the rock bolt material.

Owing to this inertia, the oscillations in the low fre-
quency area of the spectrum attenuate more slowly.
Therefore, for efficient extraction of low frequency com-
ponents, it is advisable to analyze the oscillatory process
with a small delay relative to its beginning. The degree of
attenuation is determined by the value of attenuation
coefficient § or its reciprocal value 7 (relaxation time):

1 2m C
T:_:_:_,
B onl 7

where:

C — constant value, determined by the rock bolt
design and geometrical parameters.

The physical significance of the relaxation time is the
time interval during which the amplitude value of damped
free oscillations decreases by “e” times. The main ad-
vantage of this parameter is that it does not depend on the
initial amplitude of oscillations, i.e. the force of hit.

On the first test bench, it was established experi-
mentally that the relaxation time of rock bolt free oscil-
lations is inversely proportional to the parameter p,
which characterizes the quality of the rock bolt fas-
tening in the rock massif:

3)

T=—,
p

“4)

where:

B — experimental coefficient.

On the second test bench, it was also experimentally
established that the relaxation time of free oscillations
depends linearly on pretension force F);:

T=1)—kF,, 4)
where:

7o — the relaxation time of free oscillations without
rock bolt tensioning.

The summarizing result — the relaxation time takes
into account the rock bolt clamping and its tensioning:
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T= E +b, (6)
p
where:

b — the component, determined by the rock bolt ten-
sioning, which decreases with its growth.

Thus, the relaxation time of free oscillations of the
rock bolt fastened in the rock massif is determined by two
components. The first component is inversely proportion-
al to the rock bolt force of resistance, and the second one
decreases linearly with increase in the rock bolt tension-
ing. Note, that the first component can be neglected for
the wedge type rock bolt, since it is clamped in two
points. Therefore, the informative parameter “7” will
provide information only about the rock bolt tensioning
and decrease linearly with an increase in loading.

The established patterns of the change in the spectral
composition of the rock bolt free oscillations and the pa-
rameters of their attenuation depending on clamping form
the basis for the method of quality control for the rock bolt
rod fastening in the borehole. The method is patented in
Ukraine (Patent 122418, IPC E21D, 20/00). The method
involves the sequential performance of the following oper-
ations: to hit the rock bolt end, exciting free oscillations in
it, preliminary analysis of the spectral composition of
oscillations, identification of a frequency band with a
maximum spectral density, performing an amplitude signal
selection, delaying the signal analysis until the end of the
transition process, determination of the relaxation time as
informative parameter (Skipochka, Serhiienko, & Krasov-
skyi, 2017; Skipochka, Serhiienko, & Krasovskyi 2018).

To implement the method for quality control of the
rock bolt fastening, new microprocessor equipment,
based on combined experience, has been created — Com-
plex-Vibro-Acoustic Control (CVAC). It allows to per-
form the initial statistical processing of information with
pre-programmed parameters. The information is dis-
played on the LED display.

CVAC device and its elements can be seen in Figure 5.

Specifications of the CVAC equipment:

— the range of parameter determination is 0 — 999 ms;

—resolution — 0.1 ms;

— frequency band pass — 200 — 1500 Hz;

— minimal input signal level — 0.2 V;

— power voltage — 6.0 - 9.0 V;

—block dimensions — 90x125%155 mm;

— unit weight with power package — 1.7 kg.

The specialized software is used in the CVAC
equipment, which has individual features of preparation
for work. Before to start the work, it is necessary to re-
program the device based on specific control tasks. The
informative parameter “z” is determined for 0.3 s and
stored in the device memory. When obtaining the first
results, the accumulated data goes through primary statis-
tical processing program, which determines the average
value, the standard deviation, the average absolute error
of the maximum permissible absolute and relative errors.

The program compares the calculated value of the
limiting relative error 6P, with the predetermined value
of the permissible relative error dP. If 0P <JP, the
cycle ends, display shows line “end of the cycle”, the
arithmetic average parameter value and its limiting error.
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(d)

Figure 5. CVAC equipment: (a) main device (electronic pack-
age); (b) clip-on sensor for the rock bolt; (c) contact
sensor for arbitrary designs; (d) hammer

Otherwise, there is a further accumulation of the da-
taset with recalculation of parameters after each new
value. The anomalous values are excluded. The input
data processing is terminated automatically when the
specified accuracy is reached. The values that can be
reprogrammed are: the volume of the original dataset N,
confidence coefficient o and permissible relative error.
With an increase in N and in o and with a decrease in
0P>, the method informative value is improved. At the
same time, the time increases for performing one cycle of
the equipment operation. Therefore, when programming,
it is necessary to determine the priority — high reliability
of data or the rate of control.

The device can be reprogrammed using a computer
with installed special software. The recommended param-
eters values for typical situations are shown in Table 2.

Table 2. Programmable parameters for statistical data processing
Control task

Parameter for
statistical

. calibrating Sample mass
processing estimate assessment
N 8§-10 5-17 5

a 0.95 0.90 0.80-0.90
oP> 0.05 0.10 0.10-0.15

The control technology includes: sensor installation on
the rock bolt tail joint, hammering the rock bolt end with a
series of hits, and recording the final values of the informa-
tive parameter. The control process is shown in Figure 6.
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Figure 6. Example of shock-wave method for the quality
control of the rock bolt fastening

Since there are no universal criteria for shock-wave
method for quality control of the rock bolt fastening, it is
necessary to calibrate the device for a specific type of the
rock bolts and the technology of their fastening. The task
of calibration is to establish the dependence between the
non-destructive and subsequent destructive testing. The
object of calibration is a set of rock bolts fastened in the
rock massif using the same technology of fastening. The
rock bolt load-bearing capacity is used as an indicator of
the quality of the rock bolt fastening, which is deter-
mined by destructive method of control in mine condi-
tions. According to the value of indicator, the quality of
fastening can be divided into three categories: “above
normal”, “normal” (within the £20% range of acceptable
deviations) and “below designed”. The total number of
rock bolts for calibration in each group must be at least
three categories of rock bolts. The calibration efficiency
is achieved by simultaneous increasing the reliability of
non-destructive and destructive testing results. Due to the
impossibility of repeated destructive testing, its reliability
can be improved only by increasing the number of rock
bolts to be tested.

In non-destructive testing of the area fastened with
the rock bolts, the previously obtained calibration
dependence is used. The reliability of testing can be
improved by increasing the number of informative pa-
rameter determinations. The recommended ratios be-
tween the sizes of controlled rock bolts batch and the
corresponding sizes of samples are given in Table 3.

Table 3. Recommended ratios between the sizes of controlled
rock bolts batch and corresponding sizes of samples

Recommended sizes of samples

Batch size, for testing, pcs.
pes. weak normal enhanced
25-50 5 8 13
51-90 5 13 20
91 - 150 8 20 32
151 -280 13 32 50
281 - 500 20 50 80

The primary laboratory processing of data includes:

— the sequential selection of each rock bolt state, depend-
ing on the control tasks, into one of three or two (the norm
or defect) gradations using the calibration dependence;

— determining the number d of defective rock bolts in
the current sample.



S. Skipochka, O. Krukovskyi, V. Serhiienko, 1. Krasovskyi. (2019). Mining of Mineral Deposits, 13(1), 16-23

The agreed with a consumer, an acceptable AQL
quality level serves as the criterion for assigning the
bolted area based on a controlled sample. From the
standard range of AQL values, taking into account the
actual fastening in mines conditions, the range from 1 to
10% has been selected. If d < A, is satisfied for the se-
lected AQL value (where A.— permissible amount of
defects), then the area meets the requirements for fas-
tening and should not be controlled. In case, when d > R,
(where R, — prohibitive amount of defects) the area as a
whole is considered defective.

In addition to quality control of the rock bolt fas-
tening, the CVAC equipment allows to observe the dy-
namics of delamination development in the border zone
of mine working, both in its fastened areas and in the
areas without fastening. One of the control types is the
identification of delamination areas of shotcrete coating
at the combined rock bolt fastening “rock-bolt — shot-
crete”. The physical basis of such control is an increase
in the quality of self-oscillations of the rock or concrete
layer that have lost close mechanical contact with the
rock massif. A consequence of this process is an increase
in the relaxation time value.

For this type of control, a contact sensor with a coni-
cal concentrator is used. The control point position is
determined. The contact vibration sensor is pressed per-
pendicular to the surface of mine working at a distance of
about 1 m from the controlled point. After switching on
the equipment, a preliminary hit is applied at a controlled
point to assess its performance. In the case when a result
is different from zero, the equipment is considered ready
to work. At a controlled point, a consistent series of hits
is applied. The quantity of determinations of informative
parameter at one point corresponds to the conditions of
mass control.

In general case, there are three gradations of the rock
massif state: “monolith”, “explicit delamination” and
“intermediate state”. The criteria values for the assigning
the controlled points to a certain category are determined
by means of calibrating at the experimental areas, where
the rock massif structure is predetermined by control
drilling. The zones of delamination are distinguished
according to control results of certain points. The dynam-
ics of their development over time can be studied by
performing the consistent periodic monitoring.

4. CONCLUSIONS

The stability of mine workings and the labor safety of
miners significantly depend on the quality of the rock
bolt fastening. The variability of the mining and geologi-
cal conditions of mine workings construction and signifi-
cant impact of mining operations on their state require a
constant control of the “rock massif — mine workings —
support” system in the mode of monitoring. This can be
achieved by means of NDT methods.

It has been established by means of theoretical and
experimental studies, that the problem can be solved by
shock-wave control method. The modification of this
method, based on excitation, registration and analysis of
the rock bolt self-oscillations, has been developed.

The informative parameters of the method have been
determined, and the analytical expressions have been
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obtained that connect them with the quality of fastening
and load-bearing capacity of the rock bolt. A method of
non-destructive rock bolt control has been developed and
patented. In relation to other tasks, the possibilities have
been shown of the rock massif geomechanical monito-
ring development.

According to the research results, a methodology and
equipment for quality control of the rock bolt fastening
have been developed, which is expedient to use in coal
and other mines, as well as in underground civilian ob-
jects for monitoring the state of the “rock bolt — rock
massif” system and as part of the system geomechanical
monitoring of underground and embedded structures.
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HEPYWHIBHUI KOHTPO.JIb AHKEPHOI'O KPIIIEHHS
AK EJIEMEHT MOHITOPUHI'Y CTAHY I''PHUYUX BUPOBOK

C. Ckimouka, O. Kpykoscekuii, B. Ceprienko, I. KpacoBchkmit

MeTta. O0rpyHTYBaHHSI iH()OPMATUBHOIO TapaMeTpa, po3poOKa criocoly Ta amapaTypu HEpyHHIBHOTO KOHTDOIIIO
AHKEPHOTO KPITUICHHS SIK €JIEMEHTIB TeOMeXaHIYHOTO MOHITOPHUHTY CTaHy TipHUYHX BHPOOOK.

MeTtoaunka. AHaIITHYHI Ta CTCHIOBI EKCICPUMEHTANbHI JOCHTIIPKEHHS YAapHO-XBUIBOBHUX MPOIECIB B CHCTEMI
“aHKep — 3aKPIIUTIOI0YMI Iap — MACHB TiPCHKUX TOPix~, ampolamis po3poOKH B yMOBaX IIAXT i MiA3eMHHUX 00’ €KTiB
LMBIJTEHOTO Ta IIPOMHUCIIOBOTO IPU3HAYCHHS.

Pe3yabTaTu. BeranoBneHo, 0 BUMOraM OIMEPAaTHBHOCTI KOHTPOIIO 3 MOXK/IMBICTIO MOHITOPUHTY I'€OMEXaHI4HOTO
CTaHy CHCTeMH ‘‘aHKep — 3aKpIIUIIOI0YHI Iap — MacHB” HAWOUIBII 33/I0BOJIBHSIE YaPHO-XBHIBOBHI METOJ| HEPYitHIB-
HOTO KOHTPOJIIO, L0 Pealli3y€eThCs IUIIXOM HAaHECEHHS HCHOPMOBAHOTO y/lapy B TOpEIb aHKepa 3 PEECTpaLi€lo Ta aHa-
JI30M HOTO KOJIMBaHb, IPU I[bOMY HaiOUIbII iHGOPMAaTHBHUM Ta TaKUM, LIO 33J0BOJIbHSIE €PrOHOMIII KOHTDOJIIO, €
napaMeTp — 4Yac peJiakcalii, 3a sSIKMi aMIUTiTy[a KOJIMBaHb 3MEHIIY€EThCs B “e” pa3ziB. [lokazaHo, 0 CTymiHb 3alieM-
JICHHS CTaJIENOJIIMEPHOI0 aHKepa B MacuBi Ta HOro HaTsAI OJHO3HAYHO BIUIMBAIOTH Ha 4ac pejlakcallii 3aTyXarouoro
KOJIMBAJILHOTO MPOLIECY B CUCTEMI “aHKep — 3aKpiIUTIOI0YMH IIap — MacuB”, TIPH LIOMY 3B’SI30K IIapaMeTpa 3 3allieM-
JICHHSIM OIIMCYETHCSI 0OEpHEHO MPOIOPLIHHOIO, a 3B 530K 3 HATATOM aHKepa — JIiHiiHO0 3anexHicTio. [Ipn ynapHomy
30yIPKEHHI CIIEKTPabHUN CKJIaJ] BIACHUX KOJIMBAHb KIMHOBHIHHMX aHKEPIB 3aIE€XKHUTH K BiJl XapakTepy 3alleMIICHHS,
TaxK i BiI JOBXXHWHHU aHKEpa, M0 T03BOJISIE TIPH KOHTPOJIi BUPOOOK ieHTH(DIKYBATH aHKEPH 32 1X JOBKHHOIO.

HayxoBa HoBU3HA. BcTaHOBIICHO iCHYBaHHS 0COOJIMBOTO BHY 3aTyXarOuMX IMO3/0BXKHIX KOJMBaHb aHKEpA B MPY-
JKHO-B’SI3KOMY CEPEIOBHII 3aKpiIUTIOI0Uoro mapy. Sk iHpopMaTHBHHN mapaMeTp BUOpaHO Yac pesiakcallii BKa3aHOTo
BUJly KOJIMBaHb, 1[0 B €prOHOMIYHOMY [iana3oHi IPaKTHYHO HE 3aJISKHUTH Bifl CHIIM 30yKy0doro ynapy. Beranoneno
AQHAJITUYHUH 3B’SI30K MK iH(GOPMAaTHBHUM NapaMeTPOM YAapHO-XBHIILOBOTO METOJY KOHTPOJIIO CHCTEMH “‘aHKep —
3aKpIIUIIOIOYMI [Iap — MacKB” 1 OCHOBHMMH ITOKa3HUKAMH SIKOCTI METAJIONOJIIMEPHOTO aHKEPHOTO KPITUIEHHS TiPHUYUX
BI/IpO6OK: CTYIICHEM 3YCTIJICHHA 3 MAaCUBOM Ta BEJIMYUHOIO HATATY.

[paxkTuuna 3HaunMicTh. BrockonaneHo Meron i po3poOieHO amaparypy HepyHHIBHOIO KOHTPOJIFO aHKEPHOTO
KpIIJIEHHS, SIKi JI03BOJIAIOTH OIEPATHUBHO y PEXHMMi MOHITOPHHIY OLIHIOBATH SKICTh 3aKPIIJICHHS aHKepa B MacuBi Ta
HOro HaBaHTa)XCHHSI B YMOBaX TPHUYMX BUPOOOK JiF0UOr0 BUPOOHMITBA, 30KPEMA, 1 y PEXKHUMiI CHCTEMHOTO reoMexa-
HIYHOTO MOHITOPHHTY CTaHy IiI3€MHUX BUPOOOK.

Knrwowuosi cnosa: cipnuua 6upobka, MOHMIMOpUHE CMAHY, AHKEPHE KpinieHHs, HEePYUHIGHUL KOHMPOlb, CHOCIO,
anapamypa i Memoouxa KOHmMpOoJo

HEPA3PYIIAIOIIUI KOHTPOJIb AHKEPHOI'O KPEILJIEHUS
KAK 3JIEMEHT MOHUTOPHUHI'A COCTOSIHUSA I'OPHBIX BBIPABOTOK

C. Ckumnouka, A. Kpykosckuii, B. Cepruenko, 1. Kpacosckuit

Heanb. ObocHoBaHHe MH(DOPMATHBHOrO Mapamerpa, pa3paboTka crocoba W anmapaTypbl Hepa3pylIarouiero KOH-
TPOJISi aHKEPHOT'O KPEIICHHUS KaK DJIEMEHTOB F€OMEXaHUYECKOT0 MOHUTOPUHTA COCTOSHHSI TOPHBIX BHIPAOOTOK.

MeToauka. AHAIUTHYECKUE U CTCHIOBBIE KCIIEPUMEHTAIbHBIE HCCIICA0BAHUS YAAPHO-BOJIHOBBIX MPOLIECCOB B CH-
cTeMe “‘aHKep — 3aKPEeIUIIIOIINI CIIOW — MacCUB TOPHBIX MOPOA~, anpodanus pa3padoTKH B yCIOBHSIX IMIAXT U MOJ3EM-
HBIX 00BEKTOB TpaAXKIAHCKOTO U MMPOMBIINIJICHHOTO Ha3HAYCHUS.

Pe3yabTaThl. YCTaHOBICHO, YTO TPEOOBAHMSM ONEPATUBHOCTH KOHTPOJISI ¢ BO3MOXKHOCTBIO MOHHTOPHHIA T'€OMe-
XaHUYECKOTO COCTOSHHMS CHCTEMbl “aHKep — 3aKpeIULIIONIMi CIIOW — MaccHB” HauOoJiee YIOBIETBOPSIET YIAapHO-
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BOJIHOBOHM METO[I Hepa3pylIaloIlero KOHTPOs, KOTOPhIM peaausyeTcs MyTeM HaHeCeHHs HEHOPMHUPOBAaHHOIO yJapa B
TOpELl aHKepa C perucTpanyeld 1 aHaIM30M ero KojeOaHui, Ipy 3TOM Haubosee MHPOPMATHBHBIM U TaKUM, YTO Y0-
BJIETBOPSAET SPrOHOMHUKE KOHTPOJIS, SBJSETCA MapaMeTp — BpeMs pelakcallidy, 3a KOTOpOoe aMIUINTyJa KoyieOGaHuil
yMeHblIaeTcs B “e” pa3. [loka3zaHo, 4TO CTENEHb 3aILEMIICHUS CTAJIENOJINMEPHOTO aHKEPAa B MACCUBE U €r0 HATSXKEHUE
OJTHO3HAYHO BIIMSIIOT Ha BPEMS PEJaKCallly 3aTyXaloIlero KojebdaTesIbHOTo Mpoliecca B CHCTEME “aHKep — 3aKperuIsio-
LMK CJIOW — MaccuB”, TIPH ATOM CBSI3b IIapaMeTpa ¢ 3allleMJIEHHEM OIMCHIBAeTCsl 00pPaTHO MPONOPLHOHAIBHOMN, a CBSI3b C
HATSDKCHHEM aHKepa — JIMHEWHOW 3aBUCUMOCTHIO. [Ipn ymapHOM BO30YKICHHHU CIIEKTPaiIbHBIM COCTAB COOCTBEHHBIX
KoJIeOaHNH KIMHOBUIHBIX aHKEPOB 3aBHCHUT KaK OT XapakTepa 3alieMJIeHHe, TaK ¥ OT JJIMHBI aHKepa, IMMO3BOJIAET MpH
KOHTpOJIE BBIPaOOTOK NAEHTH(UINPOBATH aHKEPHI M0 MX JUINHE.

HayuHasi HOBH3HA. YCTaHOBJIEHO CYyILIECTBOBAaHHE 0COOOTO BHJA 3aTyXAIOIIUX HPOJOJIBHBIX KOJIe0aHHI aHKepa B
YIPYro-BA3KOH cpese 3aKpeIuisiomero ciios. B xadectBe HHGOPMAaTHBHOTO mapaMeTpa BHIOPaHO BpeMs pelakcaluy
YKa3aHHOTO BHJIa KOJI€OaHUH, KOTOPOE B 3PTOHOMUYHOM AMAMa30HE MPAKTHYECKN HE 3aBUCHUT OT CHJIIBI BO30YXKIarolIe-
ro yzapa. YCTaHOBIIEHA aHAIMTUYECKas CBSA3b MEXIY MH(MOPMATHBHBIM ITapaMETPOM YAapHO-BOJHOBOTO METOJIa KOH-
TPOJIS CUCTEMBI “‘“aHKEp — 3aKPEIISIOMNI CII0M — MacCUB” ¥ OCHOBHBIMHU IOKa3aTeIsIMU KauecTBa METAJUIONOINMEPHO-
T'O aHKEPHOT'O KPETIJICHUSA TOPHBIX Bblpa6OTOK: CTCIICHBIO CLCIIJIICHUSA C MAaCCUBOM U BEJIUYMHON HATSHKCHHMS.

I[IpakTHyeckasi 3HAYNMOCTB. Y COBEpIIEHCTBOBAH METO/] M pa3paboTaHa anmnaparypa Hepa3pyllaromero KOHTPOoJIs
AQHKEPHOTr'0 KpEIJIEHHs, KOTOPbIe MO3BOJSIOT ONEPATUBHO B PEKUME MOHMTOPUHIA OLEHUBATH Ka4€CTBO 3aKPEILUICHUS
aHKepa B MAaCCHBE U €ro Harpy><eHHe B YCIIOBHSX T'OPHBIX BBIPAOOTOK JEHCTBYIOIIETO IMPOM3BOACTBA, B TOM YHUCIIE U B
PEKUME CHCTEMHOTO T€OMEXaHNYECKOT0 MOHUTOPHHTA COCTOSTHHS TIOA3EMHBIX BBIPAOOTOK.

Knrouegvle cnosa: zopnas evipabomka, MOHUMOPUHE COCMOSAHUS, AHKEPHAA KPenb, Hepaspyulalowyuti KOHmpoab,
Cnocob, annapamypa u Memoouxa KOHmpoJis
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