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Izvod

Inicijacija i razvoj procesa ostecenja betonskih konstruk-
cija je vremenski zavisna pojava, sa negativnim posledica-
ma po nosivost konstrukcije, smanjujuci ukupnu otpornost, i
kao konacnu posledicu smanjujuci stepen sigurnosti kon-
strukcije i njenu pouzdanost. Raniji, deterministicki postu-
pak ocene integriteta betonske konstrukcije je skup i kon-
zervativan, i dovodi do donoSenja prilicno subjektivne inze-
njerske odluke i do zakljucka bez pravog odgovora o stvar-
nom stepenu sigurnosti konstrukcije i uvodenja postupka
opravke koji nije optimalan. U radu je predlozen probabi-
listicki pristup kojim se, na osnovu prethodne analize kritic-
nih elemenata konstrukcije i moguceg mehanizma otkaza
konstrukcije, a na osnovu usvojenog odgovarajuceg granic-
nog stanja, odreduje verovatnoca dostizanja tog granicnog
stanja, i u skladu sa ocekivanim negativnim posledicama
utvrduje stepen rizika kojem je konstrukcija izlozena. Pri-
mera radi, postupak je primenjen na ocenu integriteta drum-
skog mosta od prednapregnutog betona na autoputu. Most
je bio tesko ostecen prilikom NATO bombardovanja Jugo-
slavije i hitno je trazena urgentna odluka o najpovoljnijim
merama za popravku mosta. Primenom metode Monte Kar-
lo za predlozZeno granicno stanje konstrukcije mosta, prora-
Cunat je stepen rizika i doneta najpovoljnija odluka.

UvOD

Od samog pocetka eksploatacijskog veka betonska kon-
strukcija je izlozena razli¢itim radnim uslovima i ekstrem-
nim i Stetnim pojavama — opasnostima (preopterecenje,
vatra, eksplozija, poplava, zemljotres itd.). Kao posledica,
opsti integritet konstrukcije je ugrozen i neko grani¢no
stanje konstrukcije moze bit dostignuto.

Rizik je verovatnoca pojave posebno nepovoljnog stanja
(grani¢no stanje) u odredenom vremenskom periodu, umno-
zena posledicama. Inicijacija i razvoj oSteCenja u betonskoj
konstrukciji je vremenski zavisan proces odreden brojnim
faktorima, kao §to su: agresivna sredina, kvalitet konstruk-
cije, istorija opterecenja i kvalitet odrzavanja. U isto vreme,
napredovanje oSteé¢enja uti¢e na otpornost, sigurnost i pouz-
danost konstrukcije, smanjujuéi ih tokom vremena, /2,4/.
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Abstract

Damage process initiation and propagation in concrete
structures is a time dependent phenomenon with the nega-
tive implication to the structure load bearing capacity, de-
creasing its overall resistance and as a final consequence,
decreasing degree of structural safety and reliability. Pre-
vious deterministic procedure of concrete structural integ-
rity assessment is expensive and conservative, leading to a
rather subjective decision and to conclusions without proper
answers about the true structural safety degree, and thus
leading to implementation of non-optimal reparation proce-
dures. In the paper, the probabilistic approach is proposed
which, on the basis of previous analysis of critical struc-
tural elements and virtual structural failure mechanism, and
accepted corresponding marginal state, determines the prob-
ability of reaching the marginal state and in conjunction
with expected negative consequences, assesses the degree
of risk that the structure is exposed to. As an example, the
procedure is applied in integrity assessment of the pre-
stressed concrete highway bridge. The bridge was heavily
damaged during NATO bombing of Yugoslavia and an
urgent decision on optimal measures for bridge reparation
was requested. The Monte-Carlo method was applied for
proposed marginal state of bridge structure, and the degree
of risk is calculated and the right decision was made.

INTRODUCTION

From the very start of service life, the concrete structure
is exposed to various loading conditions, and excessive and
adverse events — hazards (overload, fire, explosions, floods,
earthquake etc). As a consequence, the overall integrity of
the structure is jeopardized and some marginal structural
states could be reached.

Risk is a probability that a particular adverse event (mar-
ginal states) will occur during a given period of time multi-
plied by the consequences. Damage initiation and develop-
ment in concrete structures is a time dependent process deter-
mined by many factors as: aggressive environment, quality
of construction, loading history and quality of maintenance.
At the same time, the damaging progress affects structural
resistance, safety and reliability, constantly decreasing them
in time, /2,4/.
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FUNKCIJA OSTECENJA

Imajuéi u vidu sve navedeno, pravo pitanje koje se odno-
si na integritet betonske konstrukcije je: koji stepen ostece-
nja konstrukcije moze da se dopusti i toleriSe bez primene
bilo kakve zastitne akcije na konstrukciji ili, koja je granica
prihvatljivog oSte¢enja? Odgovor na ovo pitanje je od veli-
kog znacaja ne samo sa stanoviSta ocene integriteta kon-
strukcija, ve¢ i za donoSenje odluke o neophodnosti poprav-
ke konstrukcije i pri predvidanju njenog preostalog veka
(sl. 1).

Proces inicijacije i razvoja oste¢enja — akumulacija oSte-
¢enja — ima negativne posledice na nosivost konstrukcije,
smanjujuci njenu sigurnost i pouzdanost:

r=R-S§ (1
gde je: r — pouzdanost konstrukcije; R — otpornost konstruk-
cije; S — opterecenje.

Dva parametra (R i S), koji odreduju pouzdanost, menja-
ju se izuzetno nepovoljno tokom vremena — otpornost se
smanjuje, a opterecenje raste sve dok se ne dostigne granic-
no stanje konstrukcije (R = S). Razvoj oStec¢enja betonske
konstrukcije se odvija kontinualno, gledano u celini, ali
ustvari dolazi do naglog pada, jer do otpustanja akumulira-
ne energije dolazi s vremena na vreme. Sve u svemu, mogu
da se istaknu tri znacajna stanja tokom ovog procesa: (1)
inicijacija osteéenja, (2) grani¢no stanje upotrebljivosti i (3)
zavrsno granic¢no stanje.

Bez obzira na uzrok pojave razaranja i oStecenja, oni se
uglavnom pojavljuju u obliku vidljive prsline. Medutim,
bez obzira na to koliko je pojava prsline Stetna i nepoZeljna,
ona predstavlja vidljivo upozorenje i pokazatelj stanja kon-
strukcije. Treba napomenuti da pojava prsline u betonskoj
konstrukciji (u kojoj se prslina posmatra kao sastavni deo
prirodnog stanja konstrukcije) ima bitno drugacije znacenje
nego pojava prslina u metalnoj konstrukciji. Naime, prslina
u betonskoj konstrukciji ne oznacava da je dostignuto kri-
tiCno stanje, koje prethodi potpunom otkazu konstrukcije.
Inicijacija prsline u betonskoj konstrukciji je posledica male
otpornosti betona na dejstvo zatezuéeg napona (Cvrstoca
betona na zatezanje je jednaka priblizno 1/10 delu ¢vrstoce
betona na pritisak). Neposredno posto je dostignuta Cvrsto-
¢a zatezanja betona (i prsline su inicirane) naponi zatezanja
se preraspodeljuju na ojacanje od celika. Dalje napredova-
nje razaranja betona zavisi od kvaliteta ugradene armature
(iskazan kao odnos ojaCanja u= As/A, As je povrsina
poprecnog preseka armature, A — ukupna povrsina preseka)
i dolazi do ,,igre” uravnotezenja izmedu malog intenziteta
deformacije zatezanja armature (veéa vrednost u) i sve
veéeg stepena deformacije pritiska u betonu (manja vred-
nost u) i obrnuto.

Bilo kakav da je uzrok inicijacije oStecenja, sledece vrlo
vazne Cinjenice moraju biti uzete u razmatranje u odnosu na
pravilno utvrdivanje integriteta betonske konstrukcije:

— Betonski materijal sadrzi mikro greske (postojece mikro-
prsline) pre nego Sto opterecenje pocinje da deluje.

— Posle optereéenja, brzo se dostize zatezna ¢vrstoca beto-
na, zbog Cega je prihvaceno da je pojava prslina normalna

1 ocekivana.
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DAMAGE FUNCTION

Having in mind all mentioned, the right question con-
cerning integrity assessment of concrete structure is: what
degree of structural damage may be permitted and is toler-
able when taking no protective actions on the structure or,
what is the limit of acceptable damage? The response to
this question is very important not only from the point of
view of structural integrity assessment, but for making deci-
sions about the needs for structural repair and predicting its
remaining service life (Fig. 1)

The process of damage initiation and propagation — dam-
age accumulation — has negative implication to structural
bearing capacity, decreasing its safety and reliability:

r=R-S§ (1)
where: r — reliability of the structure; R — resistance of the
structure; S — load.

The two parameters (R and S), characterizing reliability,
change extremely unfavourably in time — resistance de-
creases but loading increases until the structural marginal
state (R = S) is reached. Damage development in concrete
structures takes place continuously in large scale, but
actually sudden drops happen since accumulated energy
release occurs from time to time. All in all, three significant
states during this process may be pointed out: (1) damage
initiation, (2) marginal state of applicability and (3) final
marginal state.

Concrete deterioration and damage, regardless of their
cause, mainly appear visible as a crack. However, no mater
how much crack occurrence is detrimental and undesirable,
it presents is a visible warning and an indicator of structural
state. It should be noted that crack occurrence in concrete
structures (where the crack is treated as constitutive ele-
ment in the natural state of structure) has an essentially
different meaning than cracks in metal structures. Namely,
a crack in the concrete structure does not mean that a
critical structural state is reached that precedes total struc-
tural failure. Crack initiation in concrete structures is due to
low resistance of concrete to the action of tensile stresses
(concrete tensile strength is approximately 1/10 of concrete
compression strength). Soon after concrete tensile strength
is reached (and cracks initiated) the tension stresses are
redistributed to the steel reinforcement. Further concrete
deterioration advance depends on the quality of imbedded
reinforcement (given by reinforcement ratio u = As/A, As is
reinforcement cross-section area, and A4 — total cross section
area) and a balancing “game” occurs between the lower rate
of tensile strain in the reinforcement (greater values of u)
and the increasing rate of compressive strain in concrete
(lower values of u), and vice versa.

Whatever the cause to damage initiation, the following
important facts need to be considered in regard to proper
concrete structural integrity assessment:

— Concrete material contains micro defects (pre-existing
microcracks) before the load is applied.

— After loading, concrete tensile strength is quickly reached
and crack occurrence is thus accepted as normal and
expected.
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— Razvoj prsline i razaranje materijala su posledica produ-
zenog nepovoljnog stanja (porast napona u armaturi) u
agresivnoj sredini.

— Pravac rasta prsline je uvek upravan na pravac glavnih
zateznih napona.

— Inicijacija i rast prslina (do izvesnog stepena) ne znaci
prelaz u kriti¢no stanje konstrukcije.
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Slika 1. Razvoj oSteéenja konstrukcije sa vremenom

Sve napred navedeno suocava inzenjere i eksperte sa
veoma sloZenim problemima ispravne ocene integriteta
betonskih konstrukcija. Naime, ocena integriteta je ustvari
prora¢un preostale otpornosti konstrukcije, uzimajuci u
obzir sva otkrivena oste¢enja na konstrukciji. U cilju otkri-
vanja i lociranja oStecenja potrebno je izvesti kontrolu ili
dugotrajni monitoring konstrukcije. Kontrola, koja se obic-
no izvodi periodicno, ne sastoji se samo od vizuelnog ispiti-
vanja konstrukcije, ve¢ i od primene pogodne metode za
ispitivanje bez razaranja (IBR) i tehnike ispitivanja razara-
njem. Ovo ustvari predstavlja ve¢ odavno uspostavljen i
dobro poznat deterministicki inzenjerski pristup problemu.
Kao §to ¢ée biti kasnije pokazano, postoji opravdana osnova
da se ovaj postupak zameni novim — probabilistickim pris-
tupom, koji prihvata odredeni stepen rizika. Prihvatanje
verovatnoce da u konstrukciji moze da se dostigne grani¢no
stanje, iz osnove menja tradicionalno ponasanje u pogledu
sigurnosti konstrukcije.

OCENA INTEGITETA ZASNOVANA NA RIZIKU

Vec¢ je dobro poznata Cinjenica da su promenljive koje
karakteriSu integritet betonske konstrukcije neizvesne ili
slucajne po prirodi i da mogu da se opiSu kao statisticke
promenljive ili promenljive teorije verovatnoce. Zbog toga
svi parametri koji opisuju integritet betonske konstrukcije
imaju sopstvenu gustinu funkcije verovatnoce.

S druge strane, betonske konstrukcije, kao sve druge, su
izlozene verovatno¢i razli¢itih spoljnjih i ponekad izrazenih
aktivnosti — Stetnih dogadaja ili hazarda (preopterecenje,
vatra, poplava, zemljotres, sudar vozila, eksplozije), Sto
moze da dovede do osteCenja konstrukcije ili do njenog
otkaza. Rizik je verovatnoca pojave nekog od tih Stetnih
dogadaja pomnozena sa posledicama i karakteriSe se na
osnovu tri aspekta: (1) neizbeznost, (2) verovatnoca i (3)
posledica.

Razliciti rizici kojima konstrukcije mogu biti izlozene,
su neizbezni.
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— Crack propagation and material deterioration are a result
of prolonged unfavourable state (increased stress in the
reinforcement) in an aggressive environment.

— Crack growth direction is always perpendicular to the
direction of principal tensile stresses.

— Crack initiation and propagation (up to a certain degree)
does not mean a transition to a critical structural state.
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Figure 1. Development of structural damage vs. time.

All of the above mentioned faces engineers and experts
with very complex problems of proper concrete structural
integrity assessment. Namely, integrity assessment is in fact
the calculation of remaining structural resistance, taking
into account all damage detected in the structure. In order to
detect and to locate damage, it is necessary to perform
inspection or long term monitoring of the structure. Inspec-
tions, usually performed periodically, do not only consist of
structural visual examination, but also of applied conven-
ient non-destructive test (NDT) methods and destructive
test techniques. This represents an already established and
known deterministic engineering approach to the problem.
As it will be shown further, there is a reasonable basis for
replacing this procedure with the new — probabilistic
approach that accepts a certain level of risk. Accepting the
probability that some marginal state may be reached in the
structure, fundamentally alters the traditional approach to
structural safety.

RISK BASED INTEGRITY ASSESSMENT

It is already a well known fact that variables characte-
rizing the integrity of a concrete structure are uncertain or
random by nature and that they can be described by
variables of statistics and the probability theory. Thus, all
parameters describing concrete structural integrity have
their own function of probability density.

Alternatively, concrete structures, as any other, are ex-
posed to the probability of various external and sometimes
excessive actions — adverse events or hazards (overloads,
fires, floods, earthquakes, vehicle impacts, explosions) that
could lead to structural damage or failure. The risk is the
probability of appearance of some of these adverse events
multiplied by the consequences and is characterized based
on three aspects: (1) inevitability, (2) probability, and (3)
consequences.

Different risks, to which structures can be exposed to,
are inevitable.
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Moguce je razumno smanjiti rizik, njime moze da se
upravlja, ali on ne moze da svede na ,,nulti“ nivo. Smanje-
nje rizika sa ciljem da se poveca sigurnost konstrukcije
neizbezno podrazumeva povecanje finansijskih investicija.
Razumljivo je ocekivanje vlasnika da ostvari viSi nivo
sigurnosti konstrukcije sa najmanjom investicijom. To je
ustvari pocetak procesa optimizacije u oceni integriteta
konstrukcije, primoravaju¢i ga da prihvati izvestan nivo
rizika, odnosno da prihvati izvesnu verovatno¢u da moze da
dode do pojave nekog ,,Stetnog dogadaja“.

Ve¢ je receno da je verovatnoa otkaza (granicnog
stanja) konstrukcije vremenski zavisna funkcija. Vremenski
zavisna verovatnoca P otkaza moze da se izrazi kao:

Pf(t) = B[R <S]=P[g(RS)<0]= O(ijze(f)fs(f)dt )

gde je g(R,S) — funkcija grani¢nog stanja, fz(f) — funkcija
gustine verovatnoce otpornosti konstrukcije, f(£) — funkcija
gustine verovatnoce opterec¢enja konstrukcije.

Posledice otkaza konstrukcije mogu da se iskazu kao
neposredan finansijski gubitak (troSak popravke, rusenje,
demontaze) kroz zagadenje okoline i gubitak ljudskih Zivo-
ta. Na taj nacin rizik moze da dobija dimenziju, tj. broj ljud-
skih zrtava po dogadaju.

Pojam konacnog stanja takode moze da se prosiri na bilo
koje nezeljeno stanje inzenjerski definisano kao kriti¢no za
posmatranu konstrukciju. Ustvari, grani¢no stanje se defini-
Se uvek posle izvedene inspekcije konstrukcije i dobijenih
zapisa o oStecenju. Treba da se naglasi da ovo vazi ¢ak iako
inspekcija betonske konstrukcije nije bila deterministicka,
ve¢ zasnovana na riziku. Inspekcija treba da je dobro plani-
rana, usmerena na najkriti¢nije elemente konstrukcije i
programirana prema prethodnoj analizi preostalog noseceg
kapaciteta konstrukcije. Analiza rizika koja sledi posle toga
treba da obuhvati sve moguce hazarde, scenario mogucih
ostecenja i mehanizama loma koji se pojavljuju i verovat-
nocu da se dostigne odredeno granicno stanje konstrukcije.
Za sve moguce mehanizme loma odreduje se verovatnoca
pojave i odgovarajuce posledice, odnosno ocenjuje stepen
rizika (FMECA — metoda kriti¢ne analize nacina otkaza i
posledica), posle koje treba da usledi kona¢na odluka.
Postupak je predstavljene na sl. 2.

Zapis ostecenja

Analiza rizika

Prihvatljiv
rizik

Neprihvatljiv
rizik
Dono$enje odluke

l ; 1‘ Mere koje ]
SEERshled B treba preuzeti

Slika 2. Blok shema ocene integriteta betonske konstrukcije
zasnovane na riziku
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It is possible to reasonably reduce risk; it can be
managed, but it cannot be narrowed down to “zero” level.
The reduction of risk in the aim to increase structural safety
necessarily implicates increase of financial investments.
The owner has reasonable expectation to accomplish a
higher level of structural safety with least investment. In
fact, this is the beginning of the optimization process in
structural integrity assessment, forcing one to take certain
level of risk, in respect, to accept a certain probability that
some “adverse event” might appear.

It is already mentioned that the probability for failure of
a structure (marginal state) is a time dependent function.
The time dependent failure probability P may be expressed as:

Pf(t) = B[R < S]= B, [g(R,S) < 0] = ]:fk 0 fs0dt (2)

where: g(R,S) — marginal state function, fz(f) — probability
density function of structural resistance, fs(f) — probability
density function of structural loading.

Consequences of structural failure can be expressed as
direct financial loss (expense for reparation, demolition,
disassembling) through environmental pollution and loss of
human life. In this way, risk is ascribed a dimension e.g.
number of human lives per event.

The conception of marginal state can also be extended to
any undesired state defined by an engineer as critical for
any particular structure. In fact, marginal state is defined
every time after inspection of the structure and a damage
record obtained. It is to mention that this is valid even if the
inspection of the concrete structure was not deterministic,
but based on risk. Inspection has to be well planned, tar-
geted to the most critical structural elements and scheduled
according to prior analysis of remaining structural bearing
capacity. Further risk analysis should include all possible
hazards, scenarios of possible damage, fracture mechanisms
appearing, and the probability of reaching a determined
marginal state of structure. The probability of an event and
corresponding effects are determined for all possible fracture
mechanisms, thus a degree of risk is evaluated (FMECA —
Failure Modes and Effects Criticality Analysis method) fol-
lowed by final decision making. The procedure is presented
in Fig. 2.

Figure 2. Block scheme for risk based integrity assessment of
concrete structures.
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Odluka o prihvatljivosti rizika je najdelikatniji korak u
oceni integriteta betonske konstrukcije na bazi rizika.
Naime, pojmovi ,rizican® i ,,siguran“ se odreduju na osno-
vu ukupnog ponasanja odredene zajednice i oni nemaju isto
znaCenje, na primer u Nemackoj, Afganistanu ili Srbiji.
Postoje pokusaji da se nade opste reSenje, kako je pristup
zasnovan na ,,indeksu kvaliteta Zivota®, /3/.

Prakti¢no ovaj problem moze da se prevazide na dva
nacina. Jedan, koji je u osnovi kvalitativan, zasniva se na
takozvanoj matrici donosenja odluke. Matrica se formira od
redova u kojima su posledice razvrstane po stepenu, od
katastrofalnih do potpuno zanemarljivih, i kolona koje se
sastoje od stepena verovatnoce da se grani¢no stanje uspos-
tavi, od vrlo verovatnog do onog sa veoma malom verovat-
nocom. Matrica je dijagonalno podeljena na tri podrucja, u
kojima je rizik (1) prihvatljiv, (2) dovoljno razumno nizak
ili (3) neprihvatljiv.

Drugi nacin odredivanja ciljanog rizika je slozeniji, ali i
precizniji pristup koji uslovljava uvodenje neke tehnike
optimizacije (na primer analizu troSkova zivotnog ciklusa).

Metoda Monte Karlo

Monte Karlo metoda je jednostavan i efikasan alat za
statisticku analizu neizvesnosti u inzenjerstvu konstrukcija i
za proracun verovatnoce grani¢nog stanja. Kada je izvedena
inspekcija i potpuna analiza integriteta, definiSe se grani¢no
stanje konstrukcije. Na primer, uzmimo da se grani¢no
stanje, definisano kada se u konstrukciji pojavi prslina $iri-
ne a> 2,0 m pri odgovarajuéem momentu savijanja Mp.
Pretpostavimo da normalna funkcija gustine verovatnoce vazi
za vrednosti R i S, odnosno da su M(R) 1 M(S) sa poznatim
srednjim i standardnim devijacijama. Dva niza ovih vred-
nosti se zatim paralelno srede jedna prema drugoj tako da
se principski generiSu slucajni brojevi od 0 do 1. Izmedu
dva niza brojeva moZe se definisati broj slucajeva (N, kada
se M(S) > M(R) uzme kao uslov grani¢nog stanja. Verovat-
noca pojave ovog granicnog stanja se proracunava kao:

Pr=N;IN 3)
gde je N ukupan broj sluc¢ajno generisanih veli¢ina.

PRIMER

Tokom NATO vazdus$nih udara protiv Jugoslavije most
na autoputu E-75 na reci Moravi je potpuno sruSen (desna
strana) i ozbiljno oStecen (leva strana konstrukcije). Ustva-
ri, leva strana konstrukcije je pogodena sa Cetiri rakete §to
je izazvalo ozbiljno ostecenje mosta. Najozbiljnije oStece-
nje konstrukcije mosta pretrpela je zona stuba S3, gde je
kao posledica udara rakete i eksplozije gornji i donji pojas
sanducastog nosaca potpuno razoren u duzini od ~12 m i
vise od 30 uzadi za prednaprezanje (16 & 7 mm.) je bilo pre-
seCeno. Jedini element u tom preseku koji je ostao neos-
tecen je bio uzvodni poduzni zid sanducastog nosaca (sl. 3).

Most je izraden kao kontinualni kutijasti nosa¢ od pred-
napregnutog betona raspona: 41,4 +52+62+52+41,4m
(sl. 4) i u eksploataciji je od 1982.

Zbog preke potrebe da se omoguci saobracaj u §to je
moguce kra¢em roku zahtevana je ocena stanja mosta.
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The risk acceptability decision is the most delicate step
in risk based integrity assessment of concrete structures.
Namely, the terms “risky” and “safe” are determined based
on overall attitude of a particular society and do not have
the same meaning, i.e. in Germany, Afghanistan, or Serbia.
Attempts have been made to find a general solution, since
the approach is based on the “life quality index”, /3/.

Practically, there are two ways to overcome this prob-
lem. The first, basically qualitative, is based on the so
called matrix of decision making. The matrix is formed of
rows where consequences are lined up gradually, from fatal
to quite negligible and columns consist of degrees of prob-
ability of marginal state appearance — from the very likeli-
hood to one of very low probability. The matrix is divided
diagonally at three areas where risk is (1) acceptable, (2) as
low as reasonably possible, or (3) unacceptable.

The second way of determining targeted risk is more
complex, but a more exact approach requiring use of some
optimization techniques (e.g. Life Cycles Cost Analysis).

Monte-Carlo method

The Monte-Carlo method is a simple and effective tool
for statistical analysis of uncertainty in structural engineer-
ing and for calculating probability of marginal states. After
structural inspection and thorough integrity analysis is
carried out, the corresponding structural marginal state is
defined. For example, let's say the marginal state is to be
defined as a state when a crack of width a > 2.0 m appears
in the structure with corresponding bending moment Mj.
Let's assume the normal probability density function is
valid for values of R and S, thus M(R) and M(S) with
known mean and standard deviations. Two sets of these
values are then listed parallel to each other so that random
numbers from 0 to 1 are principally generated. Between
two sets of numbers one identifies the number of cases (V)
where M(S) > M(R) is taken as the marginal state condition.
Probability appearance of this limit state is calculated as:

Pr=N;IN 3)
where N is the total number of randomly generated values.

EXAMPLE

During NATO air strikes against Yugoslavia the high-
way bridge on route E-75 over river Morava was com-
pletely destroyed (right-side) and seriously damaged (left-
side structure). Actually, the left-side structure was hit by
four missiles causing serous bridge damage. The most
serious damage to the bridge structure was in the zone of
pillar S3 where, as a result of missile strike and explosion,
the deck and lower belt of the box girder were completely
destroyed in length of ~12 m, and over 30 pre-stressed cables
(16 & 7 mm.) were cut. The only undamaged element of
the section was the upper-stream wall of box girder (Fig. 3).

The bridge was constructed as a concrete pre-stressed
continuous box girder with spans: 41.4+ 52+ 62+ 52+
41.4 m (Fig. 4) and was in service since 1982.

Due to the pressing need to enable traffic as soon as
possible, the assessment of bridge state was requested.
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Slika 3. Most preko reke Morave ostecen tokom NATO bombardovanja Jugoslavije
Figure 3. Bridge over river Morava damaged during NATO bombing of Yugoslavia.
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Slika 4. Raspon i poprecni presek mosta
Figure 4. Bridge span and cross section.

Drzavna komisija za izgradnju i rekonstrukciju je zahte-
vala brzo osposobljavanje mosta za laki saobracaj (do 5t)
koris¢enjem jedne trake na manje oStecenoj strani nosaca
mosta. Veliki otvor na saobracajnoj kolovoznoj traci (oste-
¢enje T4 na sl. 5) je trebalo premostiti pontonskim mostom
raspona 20,0 m i postaviti saobracajnu pokrivku sa oslonci-
ma na potpori S4 i na nosacu koji drzi privremeni montazni
cevasti oslonac (sl. 6).

Ostecena i delimi¢no premoscéena i privremeno poduprta
konstrukcija je analizirana na osnovu prethodno izvedene
detaljne vizuelne kontrole i ispitivanja. Pre svega je defini-
san analiticki model o$te¢ene konstrukcije u postojecem
stanju mosta, uzimajuéi u obzir samo sopstvenu tezinu kao
opterecenje mosta.

Ostecenje T1 je razmatrano zanemarujuci uticaj savijanja
i podeljenog opterecenja na nosacu, a oSte¢enja T2-T4 su
modelirana svodenjem momenta inercije povrSine punog
preseka na realnu veli¢inu. Na primer, moment inercije
povrsSine u T4 je sveden na 16%. Veliko smanjenje savojne
krutosti glavnog nosaca mosta proizvelo je kao posledicu
specifi¢nu preraspodelu momenta savijanja, koja je jasno
uocljiva kada se uporedi model ostecenog mosta sa odgova-
raju¢im, ali neostecenim mostom. Posebno, vrednost pozi-
tivnog momenta u sredini centralnog raspona i negativnog
momenta na osloncu S3 su znacajno poveéani do 26% ili
10% posmatraju¢i samo sopstvenu tezinu u oba slucaja,
sl. 6.1 tab. 1.
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The State commission for rebuilding and reconstruction
requested fast reparation of the bridge for light traffic (up to
5t) using one lane on the less damaged side of bridge
girder. The large hole on the traffic deck (damage T4 in
Fig. 5) was to be overbridged with pontoon-assembled truss
bridge spanning 20.0 m and laid on the traffic deck with
supports on peer S4 and on girder supported by temporary
strut (Fig. 6).

The damaged and partially over-bridged and temporarily
supported structure was then analysed based on previous
thorough visual inspection and tests on the bridge. First of
all, an analytical model of the existing damaged bridge
structure is defined taking into account only dead weight
acting as the load on the bridge.

Damage T1 is considered by disregarding any influence
on the bending and dead load of the girder and the damages
T2-T4 are modelled by reducing the full area moment of
inertia to real value. For example, the area moment of iner-
tia on T4 is reduced up to 16%. The great reduction of bend-
ing stiffness of main bridge girder has consequentially lead
to a particular bending moment redistribution that is clearly
visible when the damaged bridge model is compared to the
corresponding, but undamaged bridge. Particularly, positive
moment value in central part of central span and negative
value on support S3 are significantly increased to 26% or
10 % considering only dead load in both cases, Fig. 6 and
Table 1.
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Slika 5. Oste¢ena konstrukcija mosta
Figure 5. Damaged bridge structure.
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Slika 6. Dijagram momenata od sopstvene tezinu pre i posle ostecenja
Figure 6. Moment diagram for dead load before and after damage.

Tabela 1. Veli¢ine momenata savijanja M, za neoste¢enu i M; za oSteéenu konstrukciju nosac¢a mosta
Table 1. Values of bending moments M, for non-damaged and M, for damaged structure of bridge girder.

Spojevi (Joints) | 27 29 31 33 35 37 40 42 44 46

M, -20135|-61591-13955| 16843 | 31880 | 34070 | 16677 |-14199|-61880(-40846
M, -25570|-67947|-16397| 18316 | 37121 | 41408 | 29889 | 2925 |-40845|-20292

Kao sledeci korak u procesu ocene stanja mosta je isti The subsequent step in the process of bridge evaluation
analiticki model analiziran za delujuce pokretno optereée-  uses the same analytical model but analysed by applying
nje koje se sastoji od dva stvarna troosovinska kamiona  live load consisting of two real three-axle trucks weighing
pojedinacne tezine po 28,0 t (56 t ukupno) (sl. 7). 28.0 t each (56 t in total) (Fig. 7).

Kori$¢enjem veé¢ definisanog analitickog modela pokret- By using the already defined analytical model, live load
no optereCenje je primenjeno na svakom rasponu u naj-  is applied on every span at the most critical position and
kriti¢nijem poloZaju i sraCunati su odgovaraju¢i momenti,  corresponding moments, vertical displacements and stresses
vertikalna pomeranja i naponi. are calculated consecutively.

Da bi se postigla $to tacnija ocena stanja postojece kon- In order to make the evaluation of the existing structural
strukcije izvedeno je ispitivanje optere¢ivanjem mosta uz  state as much exact as possible, the bridge load test using
koriséenje realnih kamiona. Ispitno opterecenje je postepe-  real trucks is carried out. The testing load has been
no povecavano kretanjem kamiona jednog za drugim preko  increased gradually moving the trucks one by one at the
najkriti¢nijih polozaja od jednog do drugog raspona. Pro-  most critical position from span to span. Changes of rele-
mene merodavnih vertikalnih pomeranja i nagiba su uza-  vant vertical displacements and slopes are measured con-
stopno merene. Kad god je dostignut kriti¢ni polozaj most  secutively. Every time a critical position is reached the
je rastereéen i kontrolisano je prisustvo zaostale deforma-  bridge is unloaded and appearance of residual deformations
cije. Osim toga, uporedene su izmerene veli¢ine dobijene  are controlled. In addition, the measured values obtained by
ispitivanjem optere¢enjem i vrednosti sracunate korise-  load testing and calculated values obtained from the ana-

njem analitickog modela da bi se proverio stvarni model  lytical model are compared in order to identify the real struc-
konstrukcije. Kao najosetljivija veli¢ina (Cak i za vrlo sporo  tural model. As a most susceptible value (even for very

kretanje kamiona preko mosta), promena nagiba na oslonci-  slight movement of the truck along the bridge), the change
ma srednjeg raspona je koriS¢ena kao odlucujuci parametar  of slopes at supports in the central span is used as a decisive
za odluku u pogledu identifikacije sistema (sl. 8). comparative parameter for system identification (Fig. 8).
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Slika 7. Pokretno optereéenje — kamioni, rasponi osa i rastojanja
Figure 7. Live load — trucks, axle forces and distances.
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Slika 8. SraCunate i izmerene vrednosti nagiba raspona S3S4
Figure 8. Calculated and measured slope values of span S3S4.

ZAKLJUCAK

Na osnovu poredenja tradicionalnog, ali konzervativnog
deterministickog pristupa ocene integriteta betonskih kon-
strukcija predloZen je novi, probabilisticki pristup zasnovan
na riziku.

Novi koncept uzima u obzir neizvesnosti 1 slucajni
karakter pri odredivanju potrebnih veli¢ina (osobine materi-
jala 1 karakteristike integriteta) sraCunavanjem verovatnoce
dostizanja grani¢nog stanja. Grani¢no stanje je izabrano na
osnovu ranijih kontrola konstrukcije i analize mehanizma
otkaza virtualne konstrukcije. Citav postupak je prikazan
kroz jedan primer, u kome je tesko oste¢ena konstrukcija
mosta analizirana i sracunata je verovatnoca otkaza kon-
strukcije.
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