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RELIABILITY ASSESSMENT OF BRIDGE STRUCTURES

Purpose. The main purpose of the work was to analyze the methods for assessing bridge reliability, compare the
approaches of Ukrainian state building codes with European standards for determining reliability, and provide rec-
ommendations for improving the regulatory framework of Ukraine. Methodology. The article is devoted to the
study of bridge reliability as a key aspect of their design and operation. The theoretical foundations of structural
reliability theory are considered, with the theory being based on a probabilistic approach to safety assessment taking
into account the random nature of loads and material resistance. Findings. In the first section of the article, based on
the theory of multiplication of probabilities for dependent events, it is shown that the reliability of a structure can be
represented as the product P(t)=Pqy-P(t), where Py is the reliability at the operation start moment, and Py(t) is a func-
tion that characterizes the change in reliability over time and satisfies the condition Py(t)=1 at t=0. The second sec-
tion considers finding the reliability Py, which is equal to the probability that the generalized load E will be less than
the generalized resistance R. It has been proven that if the failure rate of the structure remains unchanged, increasing
its initial reliability Py has very little effect on the residual service life (i.e., the time it will operate before becoming
inoperable). Originality. The work shows that the failure rate function (risk function) A(t), which characterizes the
structural degradation processes, does not depend on the initial reliability Py but is determined only by the functional
dependence on Py(t). This, in turn, leads to the fact that the residual service life of the structure depends mainly not
so much on the initial reliability Py as on the degradation function Py(t). Practical value. Current domestic standards
overestimate initial reliability, which can lead to a significant increase in material costs without a corresponding
increase in its operating life. Therefore, it is recommended to consider the possibility of amending the DBN and
harmonizing it with the requirements of the Eurocode, taking into account the real conditions for ensuring the relia-
bility of structures.

Keywords: structural reliability; normal distribution law; safety index; random variable; generalized load; gener-
alized resistance

velopment of mathematics, physics, mechanics,
Introduction and materials science contributed to the emergence
of the permissible stress method, which began to
be used for structural calculations. Today, the main
method is the limit state design method. This
method is based on probabilistic indicators of load
and material resistance. The papers (€Bceitunk, &
MenBenes, 2017, bamkeBuuy, €BceluuK,

In the early stages of bridge construction, struc-
tures were given massive configurations in order to
make them stronger and more rigid, based on the
assumption that the larger the cross-section, the
stronger the element. Over time, the understanding
of the principles of construction changed. The de-
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Mengenes, & Anuyk, 2021; Medvediev,
Kharchenko, Stakhova, Yevseichyk, Tsybulskyi, &
Beko, 2024) laid the foundation for the basic
methods of probabilistic structural calculations.

In the current DBN (IBH B.1.2-14:2018,
2018), in which the basic principles of structural
reliability calculations have become normative,
there are certain inconsistencies between (JBH
B.2.3-22:2009, 2009; ICTY 9181:2022, 2022) and
(ICTY-H B EN 1990:2002, 2013).

In modern design, considerable attention is paid
to the service life and residual capacity of bridges.
In papers (Jlautyx-Jlamenxko, 1999; 2019a; 2019b;
Crceliunk, & Mensenes, 2017; bamkeBuuy,
€pceilunk, MeaseaeB, &  SAnuyk, 2021;
Medvediev, Kharchenko, Stakhova, Yevseichyk,
Tsybulskyi, & Bekdo, 2024), the condition of struc-
tures is analyzed, and methods for assessing and
predicting the technical condition and residual ca-
pacity are presented.

The purpose of this article is as follows:

» to show that the remaining service life of
bridges depends not so much on the initial (design)
reliability of the structure P, at the time of com-
missioning but on the rate of degradation of the
structure over time;

« to show that for a given level of structural re-
liability, the sufficiency of the calculated load and
resistance values depends on the coefficients of
variation and margin.

Purpose

The main purpose of the work was to analyze
the methods for assessing bridge reliability, com-
pare the approaches of Ukrainian state building
codes with European standards for determining
reliability, and provide recommendations for im-
proving the regulatory framework of Ukraine.

Methodology

The theory of reliability for building structures
is a theory of safety calculation that takes into ac-
count the probabilistic nature of loads and structur-
al resistance. Therefore, in order to be able to use
the mathematical apparatus of this theory, we will
give the basic definitions.

A failure is an event that consists in a violation
of the operability of a structure, i.e., a complete or
partial loss of its quality.

Failures, depending on the causes of their oc-

currence, are divided into sudden and gradual.
Sudden failures are associated with design errors,
hidden defects in materials or construction work,
or operational violations. Gradual failures are
caused by irreversible physical and mechanical
changes: corrosion, creep, material fatigue, etc.

Let us denote by T the time of operation of a
structure before its failure. That is, T is the time of
failure-free operation of a structure. Obviously, T
is a random variable.

The reliability of a structure is defined as the
value (function) P(t), which is equal to the proba-
bility that no failure will occur in the structure dur-
ing the time from O to t, i.e.

P(t)=P{T>t}. 1)

In other words, reliability is the probability of
failure-free operation of a structure over a period
of time from 0 to t.

Along with the reliability function P(t), we will
consider the failure probability function

V(t)= P{T<t}. @)

Functions (1) and (2) determine the probabili-
ties of opposite events, therefore

P(t)+V(t)=1. (3)

Let us set the following problem (Medvediev,
Kharchenko, Stakhova, Yevseichyk, Tsybulskyi, &
Bekd, 2024): let the structure operate without fail-
ure until time t,. What is the probability that it will
not fail during the time interval from t, to t? As
shown in (JTaatyx-JIsmenko, 1999; 2019a; 2019b;
Crceiiunk, & Menasenes, 2017, bamkepuuy,
€pceitunk, Measenge, &  Snuyk, 2021;
Medvediev, Kharchenko, Stakhova, Yevseichyk,
Tsybulskyi, & Bekd, 2024), the conditional proba-
bility we are looking for is

P(to, )=P(1)/P(to), (4)

where P(to) is the reliability of the structure at
time to.
From (4) it also follows that

P(to, t)=1. (5)

If we take ty as the initial time, i.e., consider
t,=0, then formula (4) can be written as

P(t)=PoPy(t), (6)

where Py is the reliability at the start of opera-
tion t,=0 (it can be called the design reliability of
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the structure), and the function P(t)=P(0, t) and
according to (5) satisfies the initial condition

P(t)=1, at t=0. )

Bridges, according to (ACTY-H b EN
1990:2002, 2013), are classified as structures with
responsibility class CC2, for which the design reli-
ability is a number very close to unity (Py=0,9993
... 0,9995), therefore, on the graphs, the dependen-
cies P(t) and Py(t) practically coincide. To empha-
size which of these functions is being considered,
the point from which the graph begins is marked
with Pg or 1, respectively.

The time function P(t) characterizes how the
reliability of a structure changes (decreases) over
time and is used to determine the residual life of
the structure.

Let us define another function that is very im-
portant in reliability theory. To do this, let us set
the following problem (JICTY-H b EN 1990:2002,
2013): the structure operated without failure from
0 to time t. What is the probability that it will fail
in a small interval of time from t to t + At. Using
formula (4), we can show (JIauTyx-JIsmieHKo,
1999; 2019a; €sceitunk, & Mensenes, 2017) that
the probability we are looking for is equal to

V(t, t+AD)=hq (DAL, (8)

where the function A«(t) (failure rate) is a func-
tion of failure intensity (density) (Jlantyx-
JIsmenko, 1999; 2019a; €sceitunk, & Mensenes,
2017) and is equal to

__ 1 dp
i) =5 dr 9)

In other words, A«(t) is the probability that the
structure will fail in the next small time interval if
it has been operating without failure before that.
Based on this probabilistic meaning of the failure
rate function A4(t), it is often called the risk func-
tion.

Taking into account (6), formula (9) takes the
form

1 dR

(10)

From equation (10) it follows that the risk func-
tion (and therefore the residual life of the structure)
does not depend on the design reliability P, and is

determined only by the time function Py(t). Indeed,
if conditions are not created to reduce the intensity
of degradation of structural elements, then no mat-
ter how large (i.e., close to 1) the value of Py is, the
reliability P(t) will quickly decrease to its critical
value.

From equation (9), after integration with taking
into account the initial condition (7), we obtain

t
P(t) = F>0e_jo“(t)oIt .

(11)

If we assume that the risk function does not
change over time, i.e., Ag(t)=Ao=const, then from
formula (11) we obtain the well-known exponen-
tial law of reliability

P(t)= Poe’xot. (12)

This law is widely used in reliability theory. It
is quite simple, easy to use, and, most importantly,
has a so-called characteristic property. It consists
in the fact that the probability of failure-free opera-
tion in the interval (to, to+t) does not depend on the
beginning of this interval, but depends only on its
length t. The exponential law (12) works very
well, but only in the case of sudden failures.
Whereas in the case of gradual failures, the risk
function cannot be considered a function that does
not depend on time. As the construction material
degrades, the risk function will gradually increase,
and the use of the power law (12) can lead to sig-
nificant errors in determining reliability.

Thus, the task of determining the reliability of a
building structure can be divided into two parts:

« determining the design or initial reliability Py
at the operation start moment of the structure;

* determining the time function P(t), which
characterizes the change in reliability over time.

Findings

Let us divide all calculated values into two
main groups: generalized load E, which includes
the parameters of external forces, and generalized
resistance R, which includes the geometric and
physical parameters of the materials of the struc-
ture itself. If we assume that E and R are determin-
istic values, then the calculation of the structure
strength (or safety) consists in checking the ine-
quality

R>E. (13)

However, as practical experience shows, both
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forces and geometric parameters and strength char-
acteristics of materials have significant dispersion
(scattering), the neglect of which can lead to sig-
nificant errors in determining the area of safe be-
havior of the structure. That is, the generalized
load E and the generalized resistance R for any
moment in time during the operation of the struc-
ture must be considered random values. The task
of reliability theory is to calculate the probability
of fulfilling condition (13) with a predetermined
accuracy.

Let us introduce a random variable S
(EBceiiunk, & Mensenes, 2017), which is called
the strength reserve and is equal to the difference

S=R-E. (14)

Then the design reliability Pq is the probability
that the random variable S will be greater than ze-
ro, i.e.

Py=P{R-E >0} = P{S>0}.

Here, S, E, and R are defined at time t=0.

In most problems, it can be assumed that the
generalized resistance and load have normal distri-
bution laws. Then the random variable S will also
be distributed according to the normal law with
parameters

— _ . _ 2 2
Hg =Hg THgs Gy ’\AGRJrGE’

where pg, pe are mathematical expectations,
and og, o are the standard deviations of resistance
and load, respectively. Then it is easy to show
(barmkeBuu, €Bceliunk, Mensenes, & SIHUyK,
2021) that the reliability (15) will be determined by
the formula

(15)

(16)

P =0.5+ d(B), (17)
where the function ®@(x) — ®(x) = ijt etzlzdx
Jor 0
is the Laplace function, and the parameter B is
called the safety characteristic:
p=n,/o;. (18)
As can be seen from Figure 1, which shows the
distribution density function of the safety margin
Ps, the value B determines the number of standards
that fall within the interval from S=0 to S=Hq-

Ps

I\
; \  Safety zone
|

Destruction zone Bos
5>0

§<0

Fig. 1. Density of strength reserve distribution

Taking into account (16), the safety characteris-
tic can be represented as:

Ug —U
B= Rz Ez )
Joi + o}

Let us introduce a deterministic value called the
reserve coefficient:

(19)

Y=u, /g (20)
Then (19) takes the form:
I G o
b= (22)

]
x/VéwZvF%
where Va :csR/uR; Ve IGE/},lE are the

coefficients of variation of the values R and E, re-
spectively.

The formula for determining the safety charac-
teristic (21) has an advantage over formula (19)
because the coefficients of variation can be esti-
mated even with insufficient statistical information
regarding the strength of the structure and the load.

According to the requirements of (ICTY-H b
EN 1990:2002, 2013), the design reliability of the
bridge must be at least 0,99928. This level of relia-
bility, as follows from (17), corresponds to a safety
factor of =3.8. For more critical structures, a
higher value of f is selected. Obviously, the higher
the safety factor selected (assigned), the more ex-
pensive the structure will be.

According to current standards (IBbH B.2.3-
22:2009, 2009), probabilistic calculation is re-
placed by a reliability criterion, which consists in
fulfilling inequality (13)
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Ry 2 Ey. (22)
where Ry and E4 are absolute calculated values of
generalized resistance and load, which have the
same reliability as the safety factor S. This means
that the number of standards that separate the val-
ues Ry and E4 from the corresponding mathemati-
cal expectations pg and pg is equal to 3, i.e.
Eq =Hg +Poe;  Ry=ppr+Por.  (23)
It can be shown that the calculation of the
structure according to criterion (22), where the cal-
culated values are determined by the relations (23),
leads to a significantly increased reliability than
according to formulas (17) and (19). For this pur-
pose, let us denote the number of standards in for-
mulas (23) by B*. Then, from (22) it is easy to ob-
tain

* —
B < “R HE .
ORr+O0

(24)

Then, taking into account the inequality

2 2
G, +0_ >,/<5R +02,

from (24) we obtain

(25)

B* < Ur—HE <

Hr—ME B
OR+O0E )

\/O'ZR +ol

From relation (26) it follows that the number of
standards for the calculated values (23) must be
less than the safety characteristic f in (19). And the
calculation according to formulas (23) where p*=p
leads to an overestimated value of reliability P,
according to (17).

As an example, let us consider a special case
where the coefficients of variation of the general-
ized resistance and load have the following values:

vy = 0.3, vg = 0.135. 27)

Let us assume that the number of standards in
formulas (23) is equal to p*=3.8. Then, from ine-
quality (24) for the reserve coefficient (20), we
obtain

(26)

v> 4.4, (28)

Taking into account (28) for the safety charac-
teristic (21), we have

B>5.1. (29)

It is obvious that such values of 3 lead to a sig-
nificantly higher reliability of the structure than
when $=3.8.

On the other hand, if we assume that the safety
characteristic is equal to f*=3.8 from (21), we ob-
tain y=3. Then, from inequality (26) at y=3 we
have

re Yl Lo8
VE+YVR
Therefore, to ensure a reliability level of
P,=0,99928, which corresponds to a safety factor
of p=3.8, the number of standards B* in the formu-
las for determining the calculated values Ry and Eq4
must be selected at variation coefficients v,=0.3,
ve=0.135 no more than $=2.8.
As can be seen from Fig. 2, the maximum
number of standards B*na at which condition (22)
holds true is determined by the equality

(30)

Ry =Eq- (31)
Py, Py

B*“E B*G

2% PR

| Lor

[ | L

[ |

: B*max Op : P*Irnax ORr :

I T

| I I |

[ BREE

| I I |

e R

AN ]

/0N il

y A TR P

/1 N\

| \NJ W

= | N~ |
He E;, Ry Mg ER

Fig. 2. Distribution function
of random variables E and R

Using (19), (20), and (23) from condition (29),
we can obtain that
2 2

B* :Bgy——ka

Y+90 (32)

where 8 < v, /VR'

Thus, instead of the reliability criterion in the
form of inequality (22), equality (31) can be used,
provided that the number of standards in the calcu-
lated values (23) is determined from condition
(32).
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Originality and practical value

The work shows that the failure rate function
(risk function) A(t), which characterizes the struc-
tural degradation processes, does not depend on the
initial reliability Po but is determined only by the
functional dependence on P(t). This, in turn, leads
to the fact that the residual service life of the struc-
ture depends mainly not so much on the initial reli-
ability Py as on the degradation function P(t).

Conclusions

The main factor determining the service life of
a structure (total or residual) is not so much its ini-
tial (or design) reliability Py as the rate of its deg-
radation, which is determined by the time functions
Py(t) or A«(t). In other words, if the failure rate of
the structure remains unchanged, increasing its
initial reliability Py has very little effect on the re-
sidual service life (i.e., the time it will operate be-
fore becoming inoperable). Current domestic
standards overestimate initial reliability, which can
lead to a significant increase in material costs
without a corresponding increase in its operating
life. Therefore, it is recommended to consider the
possibility of amending the DBN and harmonizing
it with the requirements of the Eurocode, taking
into account the real conditions for ensuring the
reliability of structures.

Compliance with the reliability criterion in the
form of inequality Ry > E4 guarantees that for a
given number of standards B* for the calculated
values E4 and Ry (B* is usually specified), the reli-
ability of the structure B will exceed the number of
B*. This can lead to the creation of an additional
reliability margin, which, firstly, may be inappro-
priate and, secondly, will definitely lead to a sig-
nificant increase in the cost of construction. There-
fore, the use of the limit case Ry = E4 can be pro-
posed as a reliability criterion. In this case, the
number of standards for calculated values is related
to the reliability of the structure by the ratio

*
B = B(\/Y2+52 )/(Y +8). Thus, using the above
equalities, we can select all the necessary parame-

K. B. MEJIBEJIEB", 10. b. €EBCEIMUMK?,

ters of the distribution of random variables E and R
to ensure a predetermined level of reliability of the
structure.
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OIIIHIOBAHHA PIBHSI HAIMHOCTI MOCTOBHUX KOHCTPYKIIIA

Meta. OCHOBHOIO METOIO pOOOTH OyJI0 aHATI3yBaHHS METO/IB OIIHIOBAHHS HaJiHHOCTI MOCTIB, IOPIBHSIHHS ITi-
IXOJIB YKPaiHCBKHUX JepKaBHUX OyIiBEIbHUX HOPM i3 €BPONEHCHKUMH CTaHIApTaMH 10 BU3HAUCHHS HaAiHHOCTI, a
TaKOXX HaJlaHHS peKOMEHIawiil /Uil BHOCKOHAICHHS HOpMaTHBHOI 0a3u Ykpainu. Meroauka. CTaTTIO IPUCBAYCHO
JOCTIDKCHHIO HaJdiHOCTI MOCTIB SIK KJIFOYOBOTO acIIeKTy IXHBOT'O MPOEKTYBaHHS Ta €KCILTyaTyBaHHS. PO3risHyTO
TEOPETHYHI OCHOBHU Teopii HaAIWHOCTI OyJiBeNbHUX KOHCTPYKLIiH, sika 0a3yeTbcs Ha MMOBIPHICHOMY MiAXOZl /0
OLIIHIOBaHHS OE3MeKU 3 ypaxyBaHHSIM BUIIaJKOBOI'O XapaKTepy HaBaHTa)XeHb 1 omopy marepianiB. PesyabraTn. Y
MEPIIOMY PO3/ILTI CTATTI HA OCHOBI TEOPil MHOXKCHHS HMOBIPHOCTEH ISl 3aJIC)KHUX MOJIiH TIOKA3aHO, 1110 HAIHICTh
KOHCTPYKIIii MOKHa TIpeicTaBuTH K 100yToK P(t) = Py-Py(t), ne Po— HamiiiHiCTh HA MOMEHT MOYATKY €KCILTyaTaril,
Py(t) — dynkis, sika xapakrepusye 3MiHy HaIiiHOCTI 3 4acoM i 3a70BoJibHs€ YMOBI Py (1) = 1 mpu t=0. YV mpyromy
PO3Aii pO3TISIHYTO 3HAXOKECHHS HaliHOCTI Py, sika TOpiBHIOE HMOBIPHOCTI TOTO, IO y3arajJbHEHE HABaHTa)KCHHS
E Oyne menmie Hix y3aranpHeHHi omip R. JloBeneHO, KO iIHTCHCHBHICTD BiIMOB KOHCTPYKIIIi 3aJIHINAETHCS He-
3MIHHOIO, TO MiJBHIICHHS ii MOYATKOBOI HaIiifHOCTI Py Jy’Ke Majo BIUIMBAE HA BEIUYHHY 3AIUIIKOBOTO PECYpCy
(TodTO "ac i poboTH 10 mepexony B Hempane3gaTHuil ctan). HaykoBa HoBH3HA. Y poOOTi MOKa3aHO, MO QYHKILiSA
IHTEHCHBHOCTI BiMOB ((byHKIIT pusuKy) Ag(t), 10 XapakTepusye Mmpolecu Aerpajaiii KOHCTPYKIIl, HEe 3al1ekUTh
BiJl mO4aTKOBOI HaiitHOCTI Py, a Bu3HaYaeThes nuiie (QyHKIIOHATBHOIO 3anexHicTio Bia Py (t). Le, B cBoio uepry,
NPHU3BOIUTH J0 TOTO, IO 3ATHIIKOBHI pecypc KOHCTPYKIIi 3aJIe)KUTh B OCHOBHOMY HE CTIIbKH BiJl HOYaTKOBOI Ha-
niiiHocTi Po, ckinbku Bim ¢yHkmii gerpagamii Py(t). lipakTuyna 3nauumictsb. CydacHi BITIYM3HSIHI HOPMH 3aBHIITY-
I0Th ITIOYaTKOBY HaJiiHICTb, 110 MOXKE IPU3BECTH JJO CYTTEBOTO 30UIBILICHHS MaTepiallbHUX BUTPAT O3 BiANOBIHO-
ro 30UIBIIeHHS pecypcey ii po6oTH. ToOMy peKOMEHIYEThCS PO3TIISIHYTH MOXKIIMBICTG 111010 BHECEeHHs 3MiH 10 JIBH i
rapMOHI3yBaTu 3 BUMOTaMu €BpOKOJlY, 3 YpaXyBaHHSM pealibHUX yMOB 3a0€3Me4eHHs Ha [IIIHOCTI KOHCTPYKIIiH.

Knrouosi crosa: HapiiHICTh KOHCTPYKIIIH; HOPMaJIbHUI 3aKOH PO3IOJIITY; XapakTepuCcTHKa Oe3IeKH; BUMaIKOBa
BEJIMYMHA; y3arajbHeHe HaBaHTaXCHHsI; y3araJbHEHHH Omip
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