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ABSTRACT

Context. The actual task of developing a method for determining the service life of small-series and single items based on the
blow-up modes theory has been solved.

Objective. Application of the blow-up theory in conditions where there are no statistical data on the dynamics of behaviour dur-
ing the operation of small-series and single items.

Method. To determine the service life of a particular product manufactured in large series, information obtained for a set of simi-
lar products of the same type is used. This information is based on numerous experiments, mathematical statistics and probability
theory. When operating small-series and single items, such information is not available. In this case, it is necessary to determine the
individual resource of an individual product based on the results of an analysis of its behaviour in the past. The method presented in
the article is based on the application for such an analysis of the method used when considering systems operating in blow-up mode.
The essence of the technique is to extract the periodic component from the temporal realization of the control parameter. This com-
ponent is modelled by a Fourier series consisting of log-periodic functions. The main coefficients of these functions are the time
equal to the operating time of the product until the end of its service life.

Results. The method under consideration has been successfully tested in determining the service life of the transport-dumping
bridge, related to products that are actually single items.

Conclusions. An analysis of the experimental data on the behaviour of the load-bearing elements of a transport-dump bridge con-
firms the assumption about the behaviour of the bridge structure as a system operating in a blow-up mode. This made it possible to
determine in advance the service life of the power units of the bridge and obtain the result directly in units of time, without requiring
information about the maximum permissible value of the controlled parameter to obtain this information.

For the first time, the possibility is shown to consider the behaviour of small-series and single items as dynamic systems operat-
ing in a blow-up mode.

Practical significance. A solution to the topical problem of determining the service life of small-series and single items is pro-
posed.

KEYWORDS: life time, transport and dump bridge, small-series products, log-periodic component, direct and indirect con-

trol methods, blow-up theory.

NOMENCLATURE

T — service life of products;

t —moment of exacerbation;

a — actual exponent;

a +pi —complex exponent;

a; — polynomial coefficients;

F(-) —some periodic function;

T —size phase;

m,a,p — exponent;

C, n,y — coefficients;

f(¢) — probability density function;

F(¢) — distribution function;

R(f) — reliability function;

n — number of experiments;

Brg — controlled signal trend;

Apgr — variable component of the controlled signal;

Asyn — controlled signal value;

Byop —Moz€enp nepeMeHHON COCTaBIISIOILIEH;

Ap— amplitude;

Agxr — variable component extremum B).

Agxry — extreme array model of the variable compo-
nent Byc;

tystpi1stnen — €xtreme time of the controlled signal
variable component;
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p — time parameter;
o — log-periodic frequency;
¢ — phase of log-periodic oscillations;

Trur — residual useful life ;
ay,ay,,b, — Fourier series coefficients;

x — serial number of the Fourier series term;
to— integration lower limit;

t,,— integration upper limit;

n —number of Fourier series terms.

INTRODUCTION

The service life of multi-series products is tradition-
ally determined by the results of a mass, collective fore-
cast based on numerous experimental data on the resource
of products, mathematical statistics and probability the-
ory. At the same time, the determination of the service life
of a wide class of technical products is carried out, as a
rule, indirectly upon the fact that the controlled parameter
reaches the maximum permissible level according to the
standards. This level is an average statistical value estab-
lished by the results of a sufficiently long operation of a
significant number of the same type of products. For
small-series products, as well as products produced in
single copies, this approach is not applicable. The solution
to this problem is to determine for each product sample its
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individual service life. In this case, it is desirable to de-
termine the duration of operation not indirectly, but di-
rectly in units of time and to obtain the information of
interest long before the end of the service life of the prod-
uct.

These requirements are met by information obtained,
for example, from the results of approximating the trend
of the controlled parameter by a predictive model, which
is a smooth monotonically changing function. The coeffi-
cients of the model determined in this case include a coef-
ficient that coincides in magnitude and dimension with
the end time of the product’s operation. This coefficient
can be determined long before the expiration of its service
life each time when monitoring the condition of the prod-
uct.

If the initial information does not meet these require-
ments, and fluctuations are superimposed on a smooth
trend, the frequency of which increases with time, then
the product can be considered as a dynamic system devel-
oping in a blow-up mode. A distinctive feature of the be-
haviour of these systems is that as the catastrophe ap-
proaches, which means the destruction of the system or a
radical change in the law of its development, the fre-
quency value reaches infinity.

The fact of frequency change is fixed long before the
catastrophe, and the oscillation model allows you to di-
rectly determine the service life of the product, without
requiring knowledge of the maximum permissible stan-
dard level of the controlled parameter.

The object of work is the process of determining the
service life of small-scale and single items.

The subject of the work is a model that describes the
change in the periodic component of the control parame-
ter recorded during the operation of products.

The purpose of the work is to develop a method for
determining the service life of small-series and single
items.

1 PROBLEM STATEMENT

Periodic processes, apparently, are one of the founda-
tions for constructing theories in various fields, including
for determining the service life of small-scale and single
products. Periodicity — the regular repetition of something
in time — testifies to the cognoscibility of the world, in the
causal conditionality of phenomena. Understanding the
nature of periodicity makes it possible to predict events,
and such predictions are the basis of a method for deter-
mining the life of a dynamic system under control.

In dynamic systems developing in blow-up mode, a
periodic process is superimposed on the main trend of the
controlled parameter. This process is described by a
model, one of whose coefficients coincides in value and
dimension with the moment of system destruction or a
radical change in the law of its development [1].

Such modes are described by the following equation

dx  141/a
—=x ) 1
7 (1)
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The equation solution increases without limit as we
approach the peaking moment #:

x(0)~lep o). @

To obtain a solution acceptable for practice (2), we
pass from the real indicator a to the complex one « + fi,

which allows us to obtain an equation of the following
form:

xty=ReXa, (e, ) =(, ) - Finle, —1)) 3)

The function F () is described by several multiple

harmonics, characterizing in the general case the signifi-
cant nonlinearity of systems developing in the blow-up
mode. However, in practice [2], the function F() is lim-

ited to one first harmonic:

x(1) = (tf —tfa -(ao +a cos{[}ln il _IJ} 4)
’ T

This expression is a smooth trend, on which log-
periodic fluctuations are superimposed, which serve as
precursor of approaching the blow-up moment #. Taking
t >ty the oscillation frequency tends to infinity, which

meets the dynamic law requirements followed by the
blow-up mode. The continuous increase in the log-
periodic oscillations frequency allows them to react sensi-
tively to the course of catastrophically developing proc-
esses long before the blow-up moment.

If we consider the exhaustion moment of the tool life
T as the blow-up moment #r, then the materials cutting
can be attributed to the blow-up modes. At the same time,
to improve the quality of predicting tool life, it is neces-
sary to isolate the sensitive log-periodic part of the re-
corded signal. In practice, this means that the total signal
periodic component must be separated from the smooth
trend and its behavior should be analyzed separately
throughout the entire cutting process.

The periodic component model should be subjected to
direct analysis, which fully describes the complex poly-
harmonic in structure of the actually recorded signal.

2 REVIEW OF THE LITERATURE

The service life of similar products produced in
significant quantities is determined using a mass,
statistical model, when the behavior of a set of products
over time is observed. Based on the observation made
over a certain time, a prediction is made of the behavior
of one specific product in the future time interval. The
service life of products in this case is determined, as a
rule, in three ways [2]. The first method is based on the
use of statistics on the cumulative probability function
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P(t) of the normal distribution, showing the probability of

failure of a given type of product depending on its service

life (Fig. 1).
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Figure 1 — Probability of product failure depending
on from its service life [2]

The second method establishes the degree of similar-
ity of current information about the trajectory of the con-
trolled parameter that characterizes the behaviours of the
product of interest (degradation profile), with statistical
data on similar trajectories compiled from the results of
operating similar products (Fig. 2).
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Figure 2 — Statistics of degradation profiles and the actual
trajectory of the controlled parameter [2]

In Fig. 2, the statistical set of degradation profiles is
highlighted in blue, the current trajectory of the controlled
parameter is highlighted in red. In this case, based on the
degree of closeness of the current curve and the set of
blue curves, the residual life of the product is estimated
by the authors at about 65 conditional cycles.

The third method predicts the moment of product fail-
ure by the value of the coordinate of the time axis (appli-
cator) of the point of intersection of the skeletal curve of
the trajectory of the controlled parameter with its thresh-
old level (Fig. 3).

In practice, smooth monotonically varying functions
are used as models of backbone curves [3]. In Fig. 4, for
example, the behaviours of 4 types of backbone curves is
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shown, described by linear, parabolic, S-shaped
(Gompertz curve) and exponential dependences.
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Figure 3 — Intersection of the skeletal curve, described by
the exponent, with a threshold level of the
controlled parameter [2]

X,=at+b

Xy =at’+bt+c

//
time

X, =k+ae "

value

..
-

~e—_ ..
e

/

f

. 1"‘-)1‘ c/
B . —
. . 5

|

——

value
value

v
¥

time time

Figure 4 — Behaviours of 4 different analytical
description of backbone curves

Forecasting the service life of a product using skeletal
curves requires knowledge of the threshold level of the
controlled parameter, which is not feasible for small-scale
products, and, moreover, single products.

The controlled parameter of a given product sample
changes along a single (individual) trajectory. Therefore,
the threshold level, being in essence an average statistical
value, refers to a specific sample of even the same type of
products only with a certain degree of probability.

Thus, according to the most common normal distribu-
tion law for the uptime of a product, 50% of products fail
before the threshold level is reached, and, accordingly,
50% work after it is crossed [4]. This serves as a serious,
error-prone, problem of predicting the life of products in
general, and not just small-scale or single ones.

In this case, it is legitimate to use an individual model,
in which it is required to regularly monitor the technical
condition of the product, comparing the recorded data
with the skeletal curve. The analytical description of the
skeletal curve model contains a coefficient that coincides
in value and dimension with the operating time of the
product until the end of its service life.

So, in [5], the model (5) is considered, which includes
a similar coefficient 7. The model was obtained on the
basis of the expression for the fatigue curve.
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1/m _ a
(5:0_1‘[%j = A(Z)Z A()[TT‘1 _Z)] . (5)

The coefficients of the model A(t), including the coor-
dinate T, are determined numerically by minimizing the
deviation from the backbone curve of the time series
Aon(f) compiled from the results of measuring the control
parameters (6).

U(t) =Y (Aeon(0)— At) - (6)

i=1

A similar approach to determining the service life is
proposed in [6]. Here, as a model of the backbone curve,
the analytical expression (7) is used to describe the
Weibull distribution.

A(t):{—ln[l—%ﬂk+0 )

When choosing models of backbone curves (5) and
(7), following the phenomenological approach to model-
ling, a generalized scheme of the change in the controlled
parameter during the life cycle of the product was repro-
duced (Fig. 5). Three characteristic sections are distin-
guished in this diagram: the initial section, where an in-
creased flow of product failures is noted, due to the run-
ning in of its components and parts; stationary site — the
main time of operation of the product; site of catastrophic
failures of the product, leading to the termination of its
operation. The generalized scheme of the change in the
controlled parameter (Fig. 5), consisting of three sections,
characterizes the change in the process of the life cycle of
the product of gradual failures, the negative impact of
which on the quality of the product’s functioning gradu-
ally accumulates. For this reason, these failures in the
literature are often referred to as “wear-out”, and “wear-
out” is understood in an extended sense [4]. Accordingly,
the generalized scheme is called the “wear curve” [7].

Areaof the

Run-in . disaster
wrea Stationary operation area

Controlled parameter

Duration of operation
Figure 5 — Generalized scheme of changes in the product life
cycle of a controlled parameter characterizing its technical
Condition

Based on the results of gaining experience in operat-
ing the model of the skeletal curve (5), its modification
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was carried out [8]. The purpose of the modification was
to develop a model (8) that describes all three sections of
the product life cycle (Fig. 6). The graph of this model at
the site of stationary operation of the product has a curva-
ture of a different sign, which makes it possible to more
flexibly describe the nature of the change in the technical
condition of the supervised product during its operation.
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Figure 6 — Skeletal curve model (8)

The use of this approach to determine the service life
of small-scale and single products in various fields of
human activity is clearly shown in the monograph [9].

The introduction of digital measurement systems
made it possible to refine the method for monitoring the
state of the product. In particular, what earlier, with the
analogy method of monitoring the state of the product,
was considered as a measurement error, for example, fluc-
tuations (fluctuations) of the measured value relative to
some of its average value (skeletal curve) in practice
turned out to be an informative component of the meas-
ured data [10].

The wear curve (Fig. 5, 6) ends with a catastrophe sec-
tion, which characterizes a sharp change in the value of
the controlled parameter, which is the result of the cumu-
lative impact on the product of its gradual failures. This
gives grounds to believe that the behaviour of the product
during its operation can be interpreted as the behaviour of
a system developing in a blow-up mode [1].

In this case, the trajectory of the control parameter
should be considered as the sum of a smooth skeletal
curve and periodic oscillations about it. Periodic oscilla-
tions obey the log-periodic law, according to which the
frequency of oscillations increases as it approaches the
moment of product failure.

Monitoring the fact of changing the frequency of log-
periodic oscillations makes it possible to predict the mo-
ment of product failure individually for each of its sam-
ples, regardless of the stage of its operation and does not
require knowledge of statistical data on the threshold level

of the controlled parameter.
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The latter is very important, since it allows solving the
urgent problem of determining the service life of products
manufactured in small batches or, in general, in single
copies, which were the goal of the research, the results of
which are presented in this article.

3 MATERIALS AND METHODS
The controlled parameter Acoy (7) is considered as the
sum of the smooth (trend) Brz and the periodic compo-
nent 4 PER -

Acon ()= Brr + Apgr ©

According to (4), at 7= tg, Brg is determined from the
following expression

BTR:ao'(T—t)_OL. (10)

The periodic component Apgy is extracted from the in-

formation (total) signal Agyy, by decomposing it into em-
pirical modes [11].

APER = _O'ZSASUM[—l + O'SASUM[ _O'ZSASUM[+1 . (1 1)
The periodic component 4pgg, according to (4), is de-
termined from the following expression

T—t
—
For the convenience of further research, expression
(12) should be reduced to the classical form of the log-

periodic function (13), considering it as a Byop model of
the periodic component 4pgp .

(12)

Apgr =a -cos[[}ln

Byop = 4y cos((u~ln(T—t)—q)), 3
where 4y =a;-(T-1)*; 0=B;p=p-In(t) (13)

Expression (13) contains fore unknown parameters:
T,®, ,4y. The first three parameters are determined by

solving the system of two nonlinear equations (14).

(T = 6,) = In(T ~ t1) = =,
¢ (14)

21
(T~ t.0) =0T =) = .

Equations (14) are based on the knowledge of the time
t,, which account for the extremes Agyr of the periodic
component Apgg .

To search for these extremes, the following algorithm
is used

— at least three local extreme stand out in the periodic
component Apgp. They are separated from each other in
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phase by an angle 27, and there are consecutive and iden-
tical in sign (maximum or minimum);

—the time ¢ is marked when extremes
( Lstnt1>tne2 );

— the parameter p is calculated that characterizes the

occur

relationship between the extremes occurrence time.

— Il — Iy

,p>1. (15)

Int2 —tnt

Parameter p must exceed one. This indicates a de-

crease in the period of its oscillations, characteristic of the
log-periodic function, over time.

A decrease in the period leads to an increase in the os-
cillation frequency of the log-periodic function in the
limit to infinity. This function feature was the basis for
choosing it as a model By pp (13) for describing systems
operating in the blowup mode [1].

The set of extremes forms an array composed of dis-
crete values of Agyr extremes of the periodic component
Aper -

The solution of system (14) gives the following ex-
pressions for the first three unknowns of equation (13)
[12]:

2
T = Livl —lyaaly

2tn+1 _tn+2 _tn (16)
o = 27/In(p),
o=n—0-In(T—1,,,).

To check the correctness of the obtained unknowns
values (16) and, if necessary, to refine them, the differ-
ence between the components of the array of extreme
values Agyr and their model Byop (13) is minimized. In
this case, the parameter A is also determined.

m 2
Z(AEXTI' - BMODi) = min .

1

an

In practice, the array of extreme values 4gyr contains a
number of components, indicating the polyharmonic na-
ture of the oscillations of the periodic component Apzy .
Therefore, when refining the values of parameters (16), as
a model Agyry (predictive model) describing an array of
extreme values Agyr, one should use a trigonometric
polynomial composed of log-periodic functions (Fourier
series).

(18)

a0
Apxri = 5 1

it onr-) |

i )2 sin(k - - In(7 1)) |

The coefficients of the series ag,a;,b, are deter-

oXores

mined from the following expressions
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t
1 m
apg= I Exr ——dt,
tO_tn f0
1,
2 7 2n 1
a = AEXT'CO{k hl(T-l‘)]‘dt,
to—tnt'[ 0—ltm T—t (19)
t
2 F I 1
b, = Agpyr-sin| k- In(7 —¢) |-——dt
k tO_tntJ. EXT "[ fo—t ( )] T

The remaining useful life Ty, is determined from the
following expression.

T =T -t (20)
4 EXPERIMENTS

The purpose of the experiment was to test the effec-
tiveness of determining the service life of small-series and
single products, considering their behaviour during opera-
tion, as systems operating in the blow-up mode.

As an object of study, a hydro turbine, a representative
of a small-series product [9] (Fig. 7), and a transport and
dump bridge, related to single products [12] (Fig. 13),
were considered.

5 RESULTS
The initial information for the analysis was the vibra-
tion of the turbine support, which was measured along the
y-axis (Fig. 7).

Figure 7 — Diagram of the hydro turbine indicating the point of
its vibration monitoring: 1—generator bearing; 2—turbine bear-
ing; 3 — turbine impeller;

4 — vibration sensor of the turbine bearing

The trajectory of the turbine vibration level during the
observed period (120 days) is shown in Fig. 8.
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Figure 8 — Changing the vibration level of the turbine support

Fig. 9 shows the change over time in the frequency of
logo-periodic oscillations superimposed on the trajectory
of turbine vibrations
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Figure 9 — Changing the frequency of logo-periodic oscilla-
tions, superimposed on the trajectory turbine vibration level
changes

Fig. 10 shows the approximation by the log-periodic
oscillations model Byop (13) of the periodic component
of turbine vibration.
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Figure 10 — Approximation by the model Byiop (13) of the
periodic component Apgg turbine vibration

The results of determining the service life of hydro
turbine are shown in Fig. 11.
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Figure 11 — Forecast of the service life of hydro turbine

Fig. 12 shows the change during the operation of the
residual useful life of the Ty (20) of the hydro turbine.
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Figure 12 — Change in the forecast of the residual service life of
the hydro turbine

e

Figure.‘l‘?: — Scheme for mrking the nodes of the main truss of the transb&rt anlc-i dup bridge [12]

Changes during the controlled period of the truss de-
flection trajectories in nodes No. 8 and No. 9 (marked in
red in Fig. 13) are shown in Fig. 14.
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Figure 14 — The trajectory of deflections of the farm transport
and dump bridge at its nodes No. 8 and 9 fixed during the period
of control of his condition [12]

Fig. 15 and 16 show the change over time in the fre-
quency of logo-periodic oscillations superimposed on the
trajectory of the deflection of nodes No. 8 and No. 9 and
the model approximating them.
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Figure 15 — Changing the frequency of logo-periodic oscilla-

tions, superimposed on the trajectory of the deflection of node
No. 8
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Figure 16 — Changing the frequency of logo-periodic oscilla-
tions, superimposed on the trajectory
of the deflection of node No. 9

20025

Figures 17 and 18 show the approximation by the log-
periodic oscillations model Byop (13) of the periodic
component of deflections Apgp recorded during the period
of monitoring the state of the bridge, respectively, at
nodes No. 8 and No. 9
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Observation period T, years
Figure 17 — Approximation by the model Byop (13) of the peri-
odic component A pgp of the deflection of node No. 8
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Figure 18 — Approximation by the model Byop (13)
of the periodic component Apzp of the deflection of node No. 9

2000 2005

The results of predicting the service life of nodes
No. 8 and 9 of the farm transport — dump bridge are
shown in Fig. 19 and 20.
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Figure 19 — Forecast of the service life of node No. 8.
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Figure 20 — Forecast of the service life of node No. 9
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Fig. 21 shows the change during the operation of the
residual useful life of the Ty, (20) nodes No. 8 and 9 of
the truss of the transport and dump bridge.
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6 DISCUSSION

Monitoring of the state of the turbine and the bridge
confirmed the assumption that the trajectory of change of
the control parameter (Fig. 8, 14) contains a variable
component (Fig. 10, 17, 18). This component is described
by the model of logo-periodic fluctuations. The frequency
of these oscillations increases as the products approach
and the expiration of their service life (Fig.9, 15, 16),
which corresponds to the behaviour of systems operating
in the blow-up mode. The calculation of the coefficients
of the logo-periodic oscillations model made it possible to
determine the operating time of the turbine before the
accident (127 days, fig. 11) and the calendar date of the
resource exhaustion of nodes No. 8 and No. 9 (fig.19,20),
which, respectively, was 09.12.2005 and 01.26.2005. The
remaining service life of the turbine and bridge at the time
of the last control of their condition was 2 days for the
turbine, and 2.38 years for the bridge (node No. 8) and
1.69 years (node No. 9).

CONCLUSIONS

The scientific novelty of obtained results is that the
analysis of experimental data on the behaviour of the hy-
dro turbine and of the transport-dump bridge confirms the
assumption about the behaviour of the turbine and bridge
structure as a system operating in the blow-up mode.

The practical significance of obtained results is
made it possible to determine in advance the moment
when the service life of the turbine and power units of the
bridge is exhausted, and to obtain a forecast directly in
units of time, and without requiring information about the
maximum permissible value of the controlled parameter
(turbine vibration level and deflection of the truss unit) to
obtain this information.

Prospects for further research are to study the possi-
bility of using the developed technique to predict the ser-
vice life of products of various purposes and designs.
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3ACTOCYBAHHS TEOPII PEXKMUMIB I3 3ATOCTPEHHSIM JIJISI BASHAYEHHSI TEPMIHY EKCILTY ATAIIT
MAJIOCEPITHUAX TA OJUHAYHAX BUPOEIB

Haropumii B. B. — kaHI. TexH. HayK, JOIEHT, NOUECHT Kadenpu iHdopmamifHuX TexHOJOTiH CyMCBKOTO IEpKaBHOTO
yHiBepcurery, M. Cymu, Ykpaina.

AHOTAIIA

AKTyanbHicTh. BupinieHo akTyanpHe 3aBJaHHS PO3POOKHM Ha OCHOBI TeOpil PEXKUMIB i3 3aTOCTPEHHSIM METOJMKH BH3HAYCHHS
TepMiHy CIIy)k0H ManocepiiiHuX BUpOOiB Ta BUPOOiB, BUTOTOBICHUX Y OMUHUYHOMY €K3EMILISIPI.

iab. 3acTocyBaHHsT Teopil peKUMIB i3 3arOCTPEHHSM 32 YMOB, KOJIM BiJICYTHI CTATUCTHYHI [aHi PO AWHAMIKY MOBEIiHKH B
MpoIIeci eKCIUTyaTalii MatocepiiHuX BUPOOiB Ta BUPOOiB, BATOTOBICHUX y ONUHHUYHOMY €K3eMILIAPI.

Mertoa. [l BU3HAYCHHS TEPMiHY CIIy>KOM KOHKPETHOTO BUPOOY, SIKHi BHI'OTOBIISIOTH BETMKUMH CEPisIMH, BUKOPHCTOBY€EThCS
iHdopMmarliss, oTpuMaHa JUIs CyKyImHOCTI MOAIOHNX OJHOTUITHUX BUPOOiB. Ls iHdopmamis ckirageHa Ha OCHOBI YHCIEHHUX EKCIIEPH-
MCHTIB, MaTeMaTHIHOI CTATUCTUKY Ta Teopii iMoBipHOCTEH. [Ipn excruryartarii ManocepiHIX BEpOOIB Ta BUPOOIB, BUTOTOBIECHHUX Y
OJIMHUYHOMY €K3eMILIApi, Takol iHdopmarlii Hemae. | TyT HEOOXiIHO BH3HAYATH IHAUBIAYAIBHUN pecypc «BUPOOY-iHAMBIIa» 3a pe-
3yJIbTaTaMH aHaJli3y HOro MOBeIiHKK y MHUHYysnoMy. [loganuii y crtaTTi MeTOA 3aCHOBAaHUM Ha 3aCTOCYBAHHI JUISl TAKOTO aHATi3y Me-
TOJIUKH, SIKa BUKOPHCTOBYETHCS MPH PO3IIIA/I CHCTEM, IO HNPALFOIOTh y PEXUMI i3 3arocTpeHHsAIM. CyTh METOAMKH HOJIATae y BUI-
JICHHI 3 4acoBoOl peastizallii KOHTPOJIBHOTO MapameTpa nepioguyHol koMnoHeHTu. L kommnoneHTa MoaeoeThest psagom Dyp’e, 1o
CKJIaJJA€THCS 3 JIOTO-TIEPioANIHUX QyHKIiH. OCHOBHUM Koe(ilieHTOM UX (pyHKIIH € Yac, 0 JOPIBHIOE HAIIPAIIOBAaHHIO BUPOOY 10
3aKiHYCHHS TEPMiHY HOTO CITyKOH.

Pe3yabTaTn. MeTon, O PO3IIIAAAETHCS, YCIIIIHO arpoOOBaHUM NPH BU3HAYEHHI TEPMiHy CITy>KOM TPaHCIOPTHO-BIJBAJILHOTO
MOCTY, III0 BiTHOCHTBCS IO BUPOOIB, SIKi BUTOTOBISIOTHCS (PAKTHIHO B OXUHNYHHUX €K3EMILIIPax.

BucHOBKH. AHalli3 €KCIIEPUMEHTAIBHHX JIAaHUX NP0 MOBEIIHKY HECYUYHX €JIEMEHTIB TPaHCIIOPTHO-BiBAaJIbHOIO MOCTY IiJTBEp-
JDKY€ TIPHITYIIEHHS I10J0 HOBEIIHKH KOHCTPYKIIi MOCTa SIK CHCTEMH, II0 MPALIOE B PEXUMI 3 3arocTpeHHsM. Lle mo3Bonmiio 3a3na-
Jerifib BUSHAYUTU TEPMiH CTy>KOM CHIOBUX arperartiB MOCTa i OTpHUMATH pe3ysIbTaT 0e3M0cepeIHbO B OAUHULIAX Yacy, HE BUMAraro-
Y1 U1 OTPUMAaHHS iHpopMaLil PO rpaHMYHO JIOIyCTHME 3HAUEHHSI KOHTPOJILOBAHOTO NapamMeTpa.

Bnepie noka3aHo MOKJIMBICTb PO3TJSLIATH MOBEIHKY MaJOCEPiHHUX BHPOOIB Ta BUPOOIB, IO BUTOTOBISIOTHCS B ONUHUYHO-
My €K3EeMILLAPI, IK JUHAMIYHIX CHCTEM, IO TPAIOIOTh Y PEXKUMI 13 3aTOCTPEHHSIM.

IpakTHyHa 3HaYNMicTh. 3aIPONIOHOBAHO BHUPINIEHHS aKTYaJILHOTO 3aBIAaHHS IIOA0 BH3HAUCHHS TEPMiHY CIIy>KOM Majocepii-
HUX BHPOOIB Ta BUPOOIB, III0 BUTOTOBISIIOTHCS B OJUHIMYHNX €K3EMILIIpax

KJIIOYOBI CJIOBA: pecypc, TpaHCHOPTHO-BiABAILHUIT MiCT, IpiOHOCEpiifHA IIPOXYKIis, JIOTTIEpIOANYHA CKIIAJI0BA, TIPSMi Ta
HeNpsIMi METOJIM KepyBaHHSI, TEOPisl PeXKUMIB i3 3arOCTPEHHSIM.
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