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Abstract:

Bridge construction has a significant amount of data on the periods of trouble-free operation of bridges of
various designs and purposes. These data serve as a reliable basis for developing schedules of planned
preventive inspections and repairs of bridge structures. However, the statistical nature of this information does
not exclude the occurrence of seemingly unpredictable events (destruction of the road surface, loss of stability
and destruction of the load-bearing elements of the bridge structure). These events usually occur suddenly,
although this is only an external manifestation of hidden processes that occur naturally in the structure up to
a certain point in time starting from the moment it is put into operation. To outline these processes, the
presented article proposes to describe the bridge structure as a dynamic system developing in an “acute
mode”. The mathematical model describing such a dynamic system contains a parameter equal to the time
coordinate when a radical change in the law of development of the controlled dynamic system occurs. The
testing of the bridge life using forecasting methodology was carried out on the example of a cable-stayed

bridge and confirmed its effectiveness.

Key words: period of trouble-free operation of a bridge, schedule of planned preventive inspections
and repairs, statistical nature of information, unpredictable events, dynamic system,
mode with aggravation, cable-stayed bridge

INTRODUCTION

The significant volume of statistics collected worldwide on
the results of operation of bridge structures of various de-
signs and purposes, including cable-stayed ones, allows us
to develop areliable plan of scheduled preventive mainte-
nance (SPM) for each bridge put into operation. The use
of such schedules ensures the required level of safe oper-
ation of bridges. However, the statistical nature of this in-
formation allows for the occurrence of sudden events,
which can cause unexpected stops of the bridge for un-
scheduled inspection and repair. Suddenness is an exter-
nal manifestation of deep, naturally occurring processes
in the bridge structure, starting from the moment the
bridge is put into operation. To avoid such events, the
SPM schedules must be supplemented with forecasts of

the specified unscheduled stops for inspections and repair
work. The solution to this problem is especially relevant
for critically important elements of the state's transport
infrastructure. The solution to this problem is the imple-
mentation of a continuous monitoring system for the
bridge condition, which is a set of functionally integrated
monitoring instruments installed on the bridge and re-
lated objects providing measurement of physical quanti-
ties, transmission, processing, analysis and provision of in-
formation to service personnel in continuous mode.
Thanks to this, all necessary information about the condi-
tion of the bridge structure is continuously and automati-
cally collected, processed and sent to the control struc-
ture at the right moment when there is still an oppor-
tunity to take preventive measures. In this case, if
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traditional control measures (periodic inspections and
surveys of the facility) are insufficient to manage the ex-
isting risks, it is advisable to equip the facility with an in-
strumental measuring system that will allow continuous
monitoring of the condition of the bridge structure. One
of the key indicators of the technical condition of the
bridge deck is its vertical deflection, which changes over
time and can serve as an indicator of increasing defects
and the approach of a potential accident. Forecasting the
service life of bridges based on the analysis of the dynam-
ics of vertical deflection of the road surface allows us to
set in advance the time of an unscheduled stop for inspec-
tion and possible repair of cable-stayed bridges. This ap-
proach is based on mathematical modelling of the pat-
terns of structural deformation and allows determining
the time for timely shutdown of the bridge for preventive
repairs long before the critical point of its destruction. The
method of forecasting the technical condition of engi-
neering structures, which is considered in the article, is a
promising direction that allows specifying the terms of op-
eration and minimizing the risks of sudden accidents. The
work contemplates the mathematical justification of the
method, examples of its application and an analysis of the
effectiveness of the proposed approach.

LITERATURE REVIEW

As the logistical load on bridge structures, especially ca-
ble-stayed ones, increases, so does the need to predict
their actual service life. This requires modern instrumen-
tal control of bridge structures and effective methods for
analysing the results.

Thus, the goal set in [1] was to determine the service life
of a reinforced concrete bridge structure based on the en-
durance criterion of the tension zone reinforcement. To
this end, the factors influencing the durability of rein-
forced concrete structures operating under repeated
loads were considered and analysed. A model was pro-
posed to determine the durability of a reinforced concrete
structure based on the endurance of tensile reinforce-
ment. This takes into account the number of loading cy-
cles of the structure per unit of time, the plastic defor-
mation of the reinforcement and the parameters of the
concrete's specific creep deformation. This enabled the
possibility of predicting the service life of a reinforced con-
crete bridge structure before it was required to stop for
repairs to be carried out. Authors in [2] present a new ap-
proach to determining the maximum wear of road bridges
by incorporating a numerical reliability parameter into the
wear calculation model. In the operational system, this
provides a quantitative criterion for predicting the tech-
nical condition of bridge elements. Article [3] presents
proposals for assessing the reliability of operational
bridge structures and calculating the probability of their
destruction. It presents the most common causes of de-
fects in bridge structures. Typical measures for restoring
the operational qualities of bridge structures are also pro-
posed. Authors in article [4] describe new bridge struc-
tures, including a series of cable-stayed structures.

In article [5], a model for predicting the reliability of the
operating superstructures of highway bridges is pro-
posed. Based on the actual reliability of reinforced con-
crete bending elements at the time of technical inspec-
tion, it allows us to determine the initial reliability and
predict changes in reliability over time. It also enables us
to determine the residual life when the required reliability
is achieved. Several works [6, 7] examine the analysis of
the technical condition of highway bridges in Ukraine in
detail, showing that the actual service life of reinforced
concrete bridge structures is 25-30 years, which does not
correspond to the potential capabilities of reinforced con-
crete as a material. The poor technical condition of
bridges poses a serious threat to the efficient operation of
the road network and results in significant socio-eco-
nomic losses for the country. Operating bridges as they
are today leading to a reduction in their service life, a de-
crease in reliability and an increase in risk [8]. Several ar-
ticles [9-11] indicate that regulatory documents lay the
foundations for managing the reliability of road bridge el-
ements throughout their entire life cycle. However, these
documents require further development to determine de-
sign reliability and the dependence of actual reliability on
initial reliability. They also need to consider how the reli-
ability of bridge elements changes over time in relation to
wear processes. Nevertheless, the limit state methodol-
ogy, according to which reinforced concrete bridge ele-
ments are designed, does not contain a time variable and
only ensures the structure's instantaneous reliability at
the time of construction. The subsequent wear process
under the influence of various external factors is not
clearly considered by the necessary dependencies.
Authors of article [12] examine a model for evaluating the
condition of bridge components based on regulatory doc-
umentation. This model is based on the theory of random
Markov processes. The technical condition indicator is the
reliability of the bridge element during operation. In [13,
14], a model for the degradation of reinforced concrete
bridge structures over time is proposed which describes
the reduction in bearing capacity of the superstructure us-
ing a single parameter. The following materials note that
errors in the design, construction and operation of bridges
can significantly reduce their actual service life [15, 16],
which is typically 30-50 years. To compensate for this neg-
ative phenomenon, in addition to the adopted scheduled
maintenance schedules, it is necessary to develop backup
measures using forecasts of unscheduled shutdowns of
the facility for inspection and preventive repairs before an
accident occurs [17, 18, 19].

This article considers one possible method of forecasting
the service life of a cable-stayed bridge before an un-
scheduled shutdown for repairs [20, 21]. This method dif-
fers fundamentally from those used in bridge construction
and is based on the concept of a bridge structure as a dy-
namic system that develops in an 'aggravation mode' [22].
The article presents an example of forecasting an un-
scheduled bridge shutdown for inspection. This is a mod-
ern approach to ensuring the safety of a strategically im-
portant technical structure.
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METHODS, RESULTS AND DISCUSSION

In dynamic systems developing in blow-up mode, a peri-
odic 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 [22].

Such modes are described by the following equation

dx
- = y1tl/a (1)

The equation solution increases without limit as we
approach the peaking moment ts:

x() ~ (tr—t)™" (2)
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:

—a+kpi
x(t) =Rezk ak(tf—t) =

=(t;—t) - F (ln (t - t)).
The function F(-) is described by several multiple harmon-
ics, characterizing in the general case the significant non-
linearity of systems developing in the blow-up mode.

However, in practice [15], the function F(-) is limited to
one first harmonic:

3)

—-a te—t
x(@®) =(t;—t) - (ao + a4 cos ([? -In fT)) (4)
This expression is a smooth trend, on which log-periodic
fluctuations are superimposed, which serve as precursor

of approaching the blow-up moment ts. Taking ¢t — tf

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 oscilla-
tions frequency allows them to react sensitively to the
course of catastrophically developing processes long be-
fore the blow-up moment.
If the moment of exhaustion of the bridge resource T is
considered as the moment of destruction tr, then the pro-
cess of operation of the bridge can be attributed to blow
up modes. At the same time, to improve the quality of
predicting bridge life, it is necessary to isolate the sensi-
tive log-periodic part of the recorded signal. In practice,
this means that the total signal periodic component must
be separated from the smooth trend and its behaviour
should be analysed separately throughout the entire pro-
cess of operation of the bridge.
The periodic component model should be subjected to di-
rect analysis, which fully describes the complex polyhar-
monic in structure of the recorded signal.
The controlled parameter Acon(t) is considered as the sum
of the smooth (trend) Brr and the periodic component
ApERr.

Acon(t) = Brg + Apgg- (5)
According to (5), at T = tf, Bz is determined from the fol-
lowing expression

Brr=ao- (T —8)™* (6)
The periodic component Apzr is extracted from the infor-
mation (total) signal Asum by decomposing it into empirical
modes [23].

Apgr = —0.25A5ypmi-1 + 0.545ym; — 0.2545ymi+1- (7)

The periodic component Aper, according to (5), is deter-
mined from the following expression
T_
Apgr = a4 - COS (B -In Tt) (8)
For the convenience of further research, expression (2)
should be reduced to the classical form of the log-periodic
function (9), considering it as a Bvop model of the periodic
component Apga.
Byop = Agcos (w - In (T —t) — ¢),
where: (9)
Ay=a,  (T—-t) % w=L6;¢0=L" In(7).
Expression (9) contains fore unknown parameters: 1, ®,
(@ ,Ao. The first three parameters are determined by solv-

ing the system of two nonlinear equations (10).
In (T = ta) =In (T = tys1) = 5

(10)
In (T = tys) = In (T = typ) ==

Equations (10) are based on the knowledge of the time t,

which account for the extremes Aexr of the periodic com-

ponent Aper .

To search for these extremes, the following algorithm is

used

— atleast three local extremes stand out in the periodic
component Aper. They are separated from each other
in phase by an angle 2m, and there are consecutive and
identical in sign (maximum or minimum);

— the time t is marked when extremes occur (ts, tn+,
tn+2);

— the parameter pis calculated that characterizes the re-
lationship between the extreme’s occurrence time.

— thy1—tn ;,D > 1 (11)

tht2=ln41
Parameter p must exceed one. This indicates a decrease
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 oscil-
lation frequency of the log-periodic function in the limit to
infinity. This function feature was the basis for choosing it
as a model Bmop (9) for describing systems operating in
the blow-up mode [22]. The set of extremes forms an ar-
ray composed of discrete values of Aexr extremes of the
periodic component Aper.
The solution of system (10) gives the following expres-
sions for the first three unknowns of equation (9) [24]:

T = thr1—tniatn
2L"n+1_tn+2_tf"n‘
w = 2n/In (p), (12)

@=1m—w- In(T—ty).
To check the correctness of the obtained unknowns’ val-
ues (12) and, if necessary, to refine them, the difference
between the components of the array of extreme values
Aexr and their model Bwop (9) is minimized. In this case,
the parameter Ao is also determined.

X7 (Agxri — Buopi)* = min (13)

In practice, knowledge of the value of the residual re-
source of Twis of interest.

Tru, =T — t. (14)
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As calculated, the minimization of function (13) is carried
out step by step in a time window expanding from left to
right. The expansion is carried out until the moment of ex-
haustion of the number of members of the experimentally
determined time series. The number of predicted values
of the parameter Tru. forms a predicted time series, the
number of members of which is equal to the number of
steps along the time axis t, starting from the fourth step.
The subject of the survey was a cable-stayed bridge. The
cable-stayed part of the bridge is 271 m.

To demonstrate the fundamental feature of the consid-
ered method of forecasting the service life of a bridge, a
significant amount of initial data was reduced. As such,
measurements in three sections of the cable-stayed part
of the bridge, performed along its centreline at the begin-
ning, middle and end (Fig. 1) of the cable-stayed part of
the span, were considered.

The absolute values of the vertical deformation of the
road surface were measured using a modern laser dis-
placement meter [25, 26].

; /-NE H
> — ﬁ

Fig. 1 Layout of information points for laser measurement
of vertical displacement on the cable-stayed part of the bridge

The results of predicting the service life of a cable-stayed
bridge before it is shut down for repairs are shown in Fig.
2-3 and in the protocol (Fig. 4). Fig. 2 shows typical wave-
forms characterizing vertical displacements of the deck,
recorded at the bridge control points by a modern high-
precision digital system [27, 28] and a laser displacement
meter [29, 30, 31, 32, 33, 34].
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Fig. 2 Typical signal shape recorded during regular monitoring
of the bridge condition at points: a) No. 1, b) No. 2, c) No. 3

Fig. 3 shows the forecast of the service life of the bridge
Tpr before it is stopped for inspection and a decision is
made on the advisability of carrying out its repair. A dura-
tion of 100 years was taken as a lead time.
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Fig. 3 Forecast the bridge remaining useful life TRUL,
based on signal recording at points:
a) No. 1, b) No. 2, c) No. 3

The “Forecast protocol...” of the date of stopping the
bridge for an unscheduled inspection to decide on preven-
tive repairs is shown in Fig. 4.

a) | The forecast of the most probable date of stoppage for
repairs is: July 23, 2078

and changes with a confidence probability P = 0.95
within the following limits:

from May 8, 2078, to October 8, 2078

b) | The forecast of the most probable date of stoppage for
repairs is: November 9, 2076

and changes with a confidence probability P = 0.95
within the following limits:

from April 2, 2076, to June 16, 2077

c) | The forecast of the most probable date of stoppage for
repairs is: February 1, 2087

and changes with a confidence probability of P = 0.95
within the following limits:

from July 18, 2086, to August 12, 2087

Fig. 4 Protocol for predicting the service life of a bridge before
unscheduled repairs, based on signal recording at points:
a) No. 1, b) No. 2, c) No. 3
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As follows from the “Forecast Protocol ...”, the beginning
of the cable-stayed part of the bridge (point No. 1) will re-
quire inspection in July 2076, and the end (point No. 3) —
only in February 2087. The middle of the cable-stayed part
(point No. 2), like its beginning, will require inspection in
November 2076.

CONCLUSIONS

1.

Bridge construction has a significant amount of data
on the periods of trouble-free operation of bridges of
various designs and purposes, which serve as a reliable
basis for developing schedules for scheduled preven-
tive inspections and repairs of bridge structures.

The statistical nature of information on the service life
of bridges allows for sudden destruction of the road
surface, loss of stability and destruction of the load-
bearing elements of the bridge structure.

As arule, these events occur suddenly, although this is
only an external manifestation up to a certain point in
time of hidden processes that naturally occur in the
structure starting from the moment it is put into oper-
ation [35].

To predict the behaviour of a bridge structure,
throughout its entire service life, the bridge should be
considered as a dynamic system developing “in an ag-
gravation mode,” which allows for an original ap-
proach to predicting the resource, including heavily
loaded bridge systems such as cable-stayed ones.

The mathematical model of the dynamic system of a
bridge developing in an “acute mode” contains a pa-
rameter equal to the time coordinate corresponding
to a radical change in the behaviour of the bridge
structure up to and including destruction.

The testing of the bridge service life forecasting
method discussed in the article was carried out on the
example of a cable-stayed bridge and confirmed its ef-
fectiveness making it possible to forecast the time of
an unscheduled bridge stop for inspection and deci-
sion-making on the need for and scope of its repair.
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