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VPLYV KOROZIE VYSTUZE NA SPOIAHLIVOST EXISTUJUCICH

BETONOVYCH KONSTRUKCII

INFLUENCE OF REINFORCEMENT CORROSION ON RELIABILITY

OF EXISTING CONCRETE STRUCTURES

Kvalita a trvanlivost betonovych konstrukcii sti ovplyviiované
velkym mnozstvom degradacnych vplyvov. Clanok sa zaoberd kordziou
vistuze a jej vplyvom na spolahlivost existujiicich betonovych kons-
trukcii. Pre zistenie vplyvu boli pouzité dva modely pre vypocet pasiv-
neho stdadia a dva modely pre vypocet aktivneho stddia. Na vypocet
casovo zavislej odolnosti konstrukcie sa pouZil pravdepodobnostny
pristup. V zdvere c¢lanku je zndzornend zmena pravdepodobnosti
poruchy konstrukcie v ¢ase a jej zodpovedajiici index spolahlivosti
v dosledku korozie vystuZe.

1. Uvod

V stcasnosti sa naSa krajina pripravuje na zaclenenie do
Europskej tnie. Jednym z mnohych procesov, ktory tejto snahe
ma pomoct, je rozvoj dopravnej infrastruktiry.

Rozvoj dopravnej infrastruktury je zalozeny na jej moder-
nizacii. Tento proces si vyZaduje velké investicie na dokoncenie
vystavby dial'nic a opravu existujicich komunikacii. Avsak, zdroje
tychto investicii pre udrZzbu a rehabilitaciu existujucich doprav-
nych stavieb si obmedzené a dlhoro¢ny nedostatok sa v buduc-
nosti bude prehlbovat. To nuti uzivatelov k maximalnym usporam
a k vyuzitiu vSetkych rezerv existujucich konstrukcii. Tento stav
dopravnej infraStruktury nie je len v naSej krajine, ale stretdvame
sa s nim aj v zahranici.

Betonové mosty st neodmyslitelnou ¢astou dopravnej infras-
truktury. V sucasnosti sa na naSom uzemi nachadza vela betonovych
mostnych konstrukcii, ktoré by sa mali rekonStruovat a opravovat
za ucelom ich dalSieho vyuzitia. Z tohto dovodu je hodnotenie
existujucich mostnych konstrukeii dolezitou castou hospodarenia
s mostnymi objektmi (BMS) [1].

Za ucelom stanovenia urovne hladiny spolahlivosti pri hodno-
teni existujucich mostov bol vyvinuty matematicky model vyuzi-
vajlici podmienent pravdepodobnost. V tomto matematickom
modeli sa vyuZivaju nové informacie tykajuce sa skutocného stavu
konstrukcie, ktoré nie st zname a dostupné pri navrhu novej kons-
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The quality and the durability of the concrete structures are
affected by lots of degradation processes. The paper deals with rein-
forcement corrosion and its influence on the reliability of the existing
concrete structures. Two types of passive stage calculation and two
types of active stage calculation are considered in this paper. The
probabilistic approach is used for the time dependent resistance solu-
tion. In conclusion, the change of the failure probability and reliabil-
ity index of the structure in time influenced by reinforcement
corrosion are shown.

1. Introduction

Nowadays, our country tries to integrate to The European
Union. Development of traffic infrastructure is one of the many
components which should help this process.

Development of traffic infrastructure is based on its modern-
ization. This process demands expensive investment for completion
of motorways and innovation of roads. Resources of these invest-
ments for maintenance and rehabilitation strategy are limited and
from now it is predicted that it will not be better. In terms of this
we are forced to find and exploit all reserves of the existing struc-
tures. These problems are not just in our country, but it is a world-
wide problem.

The concrete bridges are unthinkable part of the structures of
the traffic infrastructure. At present, there are a lot of concrete
structures in our country, which should be rebuilt and repaired on
the ground of their other exploitation. On this account, evaluation
of existing structures is the most important process in the bridge
management system (BMS) [1].

In order to evaluate existing structures, a theoretical approach
was developed using conditional probability. The new information
concerning the actual structure condition is used in this mathe-
matical model. This information is not available in the process of
the new structure design. Periodic inspections regularly performed
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trukcie. Za hlavné zdroje tychto informacii sa povazuju periodické
prehliadky, pravidelne sa vykonavajuce pocas Zivotnosti pozorova-
nej konstrukcie. Ziskané nové informacie o konstrukcii, ktoré nie
su zname pri jej navrhu, sa mézu pouzit pre overovanie skutoc-
ného chovania konstrukcie a taktieZ pomahaju redukovat neistoty
tykajuce sa odolnosti konstrukcie, jej geometrickych parametrov
a zataZenia.

Pozitivny vysledok prehliadky je podmienkou prezitia kons-
trukcie pocas jej zvyskovej zivotnosti. Je to taky stav konstrukcie,
v ktorej Ziadny jej prvok neprekro¢i do doby prehliadky akykolvek
z medznych stavov. Pomocou tohto pristupu je mozné stanovit
novu vyssiu hladinu spolahlivosti existujuicej konstrukcie a jej nova
pravdepodobnost poruchy pre zvyskovu zivotnost. Moznost pouzi-
tia tohto pristupu je podmienena poznanim informacii ziskanych
z pravidelne vykonavanych prehliadok mosta. Dalej je mozné
spitne vypocitat pravdepodobnost poruchy, na aku by sa mal prvok
posudit, aby pri minimalne jednej prehliadke dosiahol pozadovanu
hodnotu cielovej (navrhovej) pravdepodobnosti poruchy. Hore
uvedeny pristup je podrobne opisany v [3].

V [4] su znazornené hodnoty ziskanych pravdepodobnosti
poruchy P, a indexov spolahlivosti 8, pre hodnotenie prvkov exis-
tujucich konstrukeii. Tieto hodnoty boli stanovené za predpokladu
zanedbania degradacie materialu.

Tento ¢lanok sa zaobera realnou degradaciou materialu a jej
vplyvom na spolahlivost existujicich zelezobetonovych konstrukcii.

2. Korozia vystuze ako degradacia betonového prvku

Za zakladny parameter spolahlivosti stavebnych konstrukcii
povazujeme rezervu spolahlivosti G(¢) [5], ktoru vyjadruje rovnica

G(1) = R(t) — S(1), (D

kde: R(t) zovSeobecnena funkcia odolnosti konStrukcie ako nahod-
nej premenne;j,
S(#) sunahodne premenné ucinky zatazenia toho istého prvku.

Z rovnice (1) vyplyva, Ze nahodna premenna odolnost R(z),
nahodné premenné ucinky zatazenia S(¢) a rezerva spolahlivosti
G(1) su hodnoty premenné v ¢ase.

Zmena odolnosti R(t) v Case je zavisla od mnohych faktorov.
Najvyznamnej§imi parametrami ovplyviujucimi odolnost v case
su rozne typy degradacie. Za najznamejsi sposob degradacie zZele-
zobetonovych konstrukceii je povazovana difuzia CO, do betono-
vého prvku, oznaCovana ako karbonatacia a nasledna korozia
vystuZe. Proces difuzie CO, pozostava z dvoch faz [6]. Prva faza
- pasivne Stddium, predstavuje €as (0, #,), kedy CO, prenikd cez
kryciu vrstvu. Pocas tohoto Stadia sa odolnost prvku nemeni.
Dizka pasivneho §tadia zavisi od hrubky krycej vrstvy. Druha faza
- aktivne Stddium, predstavuje Cas (#,, T), odkedy CO, prenikol
cez kryciu vrstvu a dosiahol vystuz, na ktort posobi az do konca
Zivotnosti 7 = 80 rokov. V tomto ¢ase CO, sposobuje koroziu
vystuze.

within lifetime of the observed structure are main resources of this
information. The obtained extra information unknown in the
design phase can be used for verification of the correct structure
performance and also helps to reduce some uncertainties related
to the structure resistance, measurements and load parameters.

The positive result of inspection is condition of survival of
a structure in the remaining lifetime. It means that any component
of structure has not exceeded any limit states until inspection
time. Through this positive information we are able to determine
new higher reliability level of the existing structure and its new
failure probability for the remaining lifetime. It is impossible
without new information obtained from the regularly performed
inspections. Next we are able to solve back the failure probability
for which the element should be evaluated so that we can achieve
the required value of the target failure probability with minimal
one inspection. This approach is described in [3].

The obtained values of failure probability P, and reliability
index B, for assessment of existing structure members are shown
in [4]. These values were established providing that a material
degradation is neglected.

This paper deals with a problem of an actual material degra-
dation and its influence on reliability of the existing concrete
structures.

2. Reinforcement corrosion as a degradation
of concrete member

The reliability margin G(¢) [5] is the basic parameter of struc-
tural reliability and it is described by formula

G() = R(n) — S(0), (D

where R(?) is the generalized function of a random variable struc-
tural resistance,
S(#) are random variable load effects of the same element.

As we can see from formula (1), random variable resistance
R(t), random variable load effect S(¢) and reliability margin G(r)
are values dependent on time z.

The resistance R(¢) has been changed in time due to many
factors. The different types of degradation are the best-known
factors changing the resistance in time. The most significant way of
degradation of concrete structures is diffusion of CO, to the con-
crete member called as a carbonization, and consecutive reinforce-
ment corrosion. This process of CO, diffusion consists of two
phases [6]. The first phase - passive stage means time (0, £,), when
CO, penetrates through the concrete cover. In this time the resis-
tance of element is not changed. The length of the passive stage
depends on the cover depth. The second phase - active stage means
time (¢, T), from when CO, penetrated through the concrete cover
and achieved reinforced bars to the end of member life 7= 80 years.
During this time, CO, induces the corrosion of reinforced bars.
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V naslednej parametrickej §tudii bol uvazovany ohybany Zele-
zobetonovy prvok. Odolnost R(f) ohybaného Zelezobetonového
prvku je dana rovnicou, odvodenou v [2]

2 2
Asn

R(1) = =2 X [0-5 PucD) -

kde: 4, je nominalna hodnota prierezovej plochy vystuze [mz],

m 2
A, =—d2,, 3
s,n 4 s.n ( )
J;.n Jje nominalna hodnota medze kizu vystuze [MPa],

Jen Jje nominalna hodnota pevnosti betonu [MPa],
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In the parametric study, the concrete element subjected to
bending was considered. Resistance R of bending concrete element
is given by formula, derived in [2]

1
R P 1)] , %)
where: 4 , is the nominal value of the reinforcement cross-section
area [mz],
T 2
A =—d* | 3
s.n 4 s.n ( )

J;.n is the nominal value of reinforcement yield strength

b, je nominalna hodnota Sirky prierezu [m], [MPa],
A S f.. is the nominal value of concrete strength [MPa],
&, = S8 ] , 4) b, is the nominal value of cross section width [m],
b (1= o= 5] 1, |
? £, = Ao 0)
h, je nomindlna hodnota vysky prierezu [m], b, - (h,, —c,— 421) “Son
¢, jenominalna hodnota hrubky krycej vrstvy [m],
d,, je nominalna hodnota priemeru vystuze [m], h,, is the nominal value of cross-section height [m],
¢, is the nominal value of concrete covering [mm],
O = Je S P = o , (5)(6) d,, is the nominal value of reinforcement diameter [mm],
Jen Jon
f.  je pevnost betonu v tlaku [MPa], Q= Je Q= J; R (5)(6)
/. je medza klzu vistuze [MPa], Jen Fon
/. is the concrete strength [MPa],
/; is the reinforcement yield strength [MPa],
_(bafen | AL
0= () ™
£uclt) = T R it sy | ®)
Asn'(hn_cn_ o — Sn) fd
’ 2 b’l : c.n
kde & je vySka prierezu [m], where & is the cross-section height [m],
b je Sirka prierezu [m], b is the cross-section width [m],
¢ je hrubka krycej vrstvy [m], ¢ is the concrete covering [m],
dy(t) je priemer vystuZe zavisly od ¢asu [m], dy(1) is the reinforcement diameter dependent on time [m],
A1) je plocha vystuze zavisla od ¢asu [m?], A(7)is the reinforcement cross-section area dependent on
time [m?],
A= d, ©)
A= d ©)

Veli€iny b, ¢, h, f, a f, su ndhodné premenné.
Oznacenie rozmerov je na obr. 1

Z rovnice (9) vyplyva, Ze zmena odolnosti R(¢) v ¢ase zavisi
od ubytku prierezovej plochy vystuze. Pre vypocet ubytku prierezo-
vej plochy vystuze boli uvazované dva pristupy. Ako prvy sa uvazo-
val model korozie podla Andradeiho [7] (pozri obr. 2), ktory je jeden
z najviac pouzivanych modelov kordzie vystuze. Zmena priemeru
vystuze d,(¢) pre ploSnu kordziu je opisand rovnicou

dx(t) = ds - 0’0232 : (t - tO) ' i(‘orr ’ (10)

Quantities of b, ¢, 4, f,, and f, are considered to be random
variables.
Denotations of dimensions are shown in fig. 1

From formula (9), it can be seen that the change of resistance
R(?) in time depends on the lost of reinforcement cross-section area.
Two approaches to the calculation of the reinforcement cross-section
area loss were considered. The first corrosion model according to
Andrade [7] (see fig. 2) was considered. This model of corrosion
is one of the most used models. Loss of diameter d(#) for uniform
corrosion is described by formula

d() =d, — 0.0232 - (t = 1g) * iy (10)
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Obr. 1. Schéma oznacenia rozmerov
Fig. 1. Scheme of profile denotation

kde: i,,,, je hustota prudovej korozie [uwA/cm?],
(1 /.LA/cm2 predstavuje 11,6 wm/rok skorodovanej vrstvy),
Iy e dizka pasivneho $tadia.

Dalsi korozivny model bol uvazovany podfa Thoft-Christen-
sena [9] (vid obr. 2). Zmena priemeru vystuze d () je opisana
rovnicou

ds(t) :ds_ (t_ IO) *Teorr s (11)
kde: r,,,, stupeni korozie [wm/rok],

t, je dizka pasivneho stadia.

Hustota prudovej korozie i, a stupen korozie r.,,, boli

merané na skutoénych mostnych konstrukciach [7], [8], [9] a su
opisané v tab. 1.

Zagiatok zmeny odolnosti v éase zavisi na dizke pasivneho
Stadia. Proces difuzie CO, sa riadi druhym Fickovym zdkonom [10]

ac 9’C
o P e (1
kde: C je koncentracia agresivnych latok,

D, je koeficient difuzie.

Pre praktické vyuzitie bolo odvodenych niekol'ko modelov
difuzie CO,. Proces difuzie v tychto modeloch zavisi od réznych
faktorov.

V prezentovanej parametrickej Stidii boli pouZzité dva modely
vypoétu pasivneho §tadia. V prvom pouzitom modeli je dizka
pasivneho §tadia zavisla od hrubky krycej vrstvy ¢ a materialovej
konstanty D. Uvedeny model je jednoduchy a je opisany v roznych
pracach, napriklad [11]. Dizka pasivneho §tadia sa vypoéita zo
vztahu

C2

ty = ,
)
kde: D

(13)
je materialova konstanta uvedena v tab. 2 podla [11].
Druhy pouzity model podla Freya [ 12] je presnejsi, ale je velmi

problematické ziskat hodnoty konstant potrebnych v tomto modeli.
Hibka skarbonizovanej vrstvy v &ase je dana rovnicou

. dg(t)

CORROSION
LOSS

%

Obr. 2. Ubytok prierezovej plochy
Fig. 2. Loss of cross section area

is the corrosion current density [uA/cm?],
(1 /.LA/cm2 is equal to 11,6 wm/year of corrosion),
1, is time of passive stage.

where: i

corr

Next, the second model of corrosion according to Thoft-Chris-
tensen [9] (see fig. 2) was considered. Loss of diameter d,(¢) is
described by formula

dt)=d, — (t = 1y) * T'oopr» (11)

where: r,,,, is the corrosion rate [ um/year],
1, is time of passive stage.

and the corrosion rate r

corr

The corrosion current density i,,,,
were measured on the real bridge structures [7], [8], [9] and their
values are shown in tab. 1.

The start of the resistance changing in time depends on the
length of the passive stage. The process of CO, diffusion is described

by the second Fick’s law [10]
L _,  oC
ot ST

where C is the concentration of aggressive subject,
D, is the diffusion coefficient.

(12)

Many models of CO, diffusion were deduced for practical use.
These models depend on various factors.

Two models of passive stage calculation were used in the para-
metric study. In the first model it is described that the length of the
passive stage depends on the concrete cover ¢ and material con-
stant D. This model is simple and it is described in many references,
for example [11]. Length of passive stage is given by formula

C2

Iy = S
" 2.p

(13)
where: D is a material constant presented in tab. 2 by [11].
The second model by Frey [12] is more precise than the first

model, but it is difficult to get the constants for this model. The
depth of carbonation layer in time is given by formula
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dk — (eAM/*Z -1 ) . (1 _ e—wﬁ/?) , (14)

kde A4, w st konstanty zavislé od prostredia (pozri tab. 2).

V pripade vztahu (14) sa dizka pasivneho $tadia ¢ = ¢, vypo-
cita, ked' sa polozi d; = c. VeliCiny 4, b, ¢, d,, 1., f;, i.ory @ Ty V TOV-
niciach (7-11) st ndhodné premenné s normalnym rozdelenim.
Statistické charakteristiky premennych su znazornené v tab. 1.
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do= (" = 1)-(1-e"V, (14)
where A4, w are constants dependent on the environment (see
tab. 2).

The length of passive stage ¢ = 1 is calculated from (14) when
d, = ¢ (concrete cover). Values of 4, b, ¢, d,, f.., £, i,,,, and r,,,, in
relations (7-11) are normally distributed random variables. The

statistical characteristics of variables are given in tab. 1.

Tab. 1 Tab. 1
Premenné Stredna | Smerodajna| Variacny Variables The mean |The standard| Coefficient
hodnota | odchylka | koeficient value deviation | of variation
Medza kizu - f; [MPa] 400,81480 | 23,96686 | 0,06800 Yield strength - £, [MPa] 400.81480 | 23.96686 | 0.06800
Pevnost betonu - f. [MPa] 24,64000 | 2,68000 0,10877 Strength of concrete - f, [MPa] | 24.64000 | 2.68000 0.10877
Vyska prierezu - 4 [m] 0,797800 | 0,01360 0,01705 Height - / [m] 0.797800 | 0.01360 0.01705
Sirka prierezu - b [m] 0,49570 0,00740 0,01493 Width - b [m] 0.49570 0.00740 0.01493
Priemer vystuze - d, [mm] 19,770 0,223 0,01128 Bar diameter - d, [mm] 19.770 0.223 0.01128
Hrubka krycia vrstva - ¢ [mm] 24,00 1,30 0,05417 Concrete cover - ¢ [mm] 24.00 1.30 0.05417
Hustota prudovej korozie - i.,,, 1,00 0,20 0,20 Corrosion current density - i,,,, 1.00 0.20 0.20
[nA/cm?] 3,00 0,60 0,20 [mA/cm?] 3.00 0.60 0.20
Stupen korozie - r,,,, [um/rok] 50,70 5,80 0,11440 Corrosion rate - r,,,, [um/year] 50.70 5.80 0.11440

V priereze bolo uvazovanych 7 prutov vystuze.
Hodnoty premennych z tab. 1 a konstant z tab. 2 boli zistené
meranim na skuto¢nych mostnych konstrukciach [7], [8], [9] a [10].

The number of reinforcement bars was equal to 7.
The values of variables in tab. 1 and constants in tab. 2 were
measured on the real bridge structures [7], [8], [9] and [10].

Tab. 2 Tab. 2
Konstanta - 4 [rok '] (pre centralnu Europu) 0,11 Constant - 4 [year” '] (for central Europe) 0,11
Konstanta - w [rok~®°] 0,170 Constant - w [year *°] 0,170
0,160 0,160
Materialova konstanta - D [mm2.s™'] 2,84.1077 Material constant - D [mm?s~'] 2,84.1077
4,82.1077 4,82.1077

Konkrétna numericka aplikacia vypoctu ¢asovo zavislej odol-
nosti R(#) bola realizovana pomocou simulacnej metody Monte-
Carlo. Na simulaciu je mozné pouZit aj iné zname metddy, ako
napriklad LHS, Importance sampling [13] a iné. Ziskané vysledky
simulacie boli pre dalsie pouZitie aproximované matematickymi

zavislostami v tvare

mp(f) = mg + p, - 1+ p,- 12, respekt. sp(f) = sz + py -1+ py- 1

kde: mpy a s, st strednd hodnota a smerodajna odchylka odolnosti
prvku podla (2),
D1> D2s P3. D4 SU konStanty.

Vysledky simulacii si znazornené na obr. 3 a obr. 4.

V parametrickej Studii bol simulovany prieny rez s nahodne
premennymi parametrami f;, f,, &, b, d;, ¢ (pozri tab. 1), ktorych
rozdelenia sa v priebehu vypoc¢tu nemenili. Odlisna bola len meto-
dika vypocCtu pasivneho a aktivneho Stadia korozie vystuze, Cize

Numerical application calculating time dependent resistance
R(?) was realized by simulation of Monte-Carlo method. It is pos-
sible to use other methods for simulation, for example LHS, Impor-
tance sampling [13] etc. For further use, results of simulation
were approximated by mathematical relations given by formula

(15)

where: my and sz are mean values and standard deviation of the
element resistance in accordance with (2),
D1, P2, D3, P4 are constants.

The results of simulation are shown in Fig. 3 and Fig. 4.

There was simulated one cross-section with variables parame-
ters f, f., h, b, d,, ¢ (see tab. 1), whose distributions were not
changed during calculation. The different methodology of the
passive and active stage calculating has been used so that the para-
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menili sa parametre D, w, i, have been changed. The curve assign-

k jednotlivym modelom vypoctu pasivneho a aktivneho Stadia | ment of relevant approach to the passive and active stage calcu-

ar,,,. BliZSie je priradenie kriviek | meters of D, w, i, andr,

corr

opisané v tab. 3. lating is shown in tab. 3.

1

mg(t) [kN.m] The mean value »
---------- 3

690 - T —_ } , — — 1 ' 4
640 _ " e . % oy - N — 7 - = =5
590 - e, 2 | e——p
540 4 \ .. L “g 7
490 - 5 |= =8
440 - 9 |
390 - — — 8 10
340 | . 11 —
290 i 1 2 ............ 12
240 : : : ; , | Ta=80years

0 0,2 04 0,6 0,8 1 tTy
Obr. 3. Casovo zdvisld strednd hodnota odolnosti R(t)
Fig. 3. Time dependent mean value of resistance R(t)

e 1

sr(t) [kN.m] The standard deviation ,
--------- 3

L T4=80 years

35 T T T T 1
0 0,2 0,4 0,6 0,8 1 tTy

Obr. 4. Casovo zdvisld smerodajnd odchylka odolnosti R(t)
Fig. 4. Time dependent standard deviation of resistance R(t)
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Tab.3 Tab.3
Oznaé. | Vypocet pasivneho §tadia Vypoéet aktivneho Stadia Denot. Passive stage calculating Active stage calculating
1 D =28410"" mm%s~! i = (1,0:0,2) 1 D =28410"" mm%s~' i = (1.0;0.2)
2 D=28410"" mm’s" Lo = (3,0; 0,6) 2 D=28410"" mm’s™! i = (3.0; 0.6)
3 D =2,8410"" mm%s~! Teorr = (50,7; 5,80) 3 D =28410"" mm%s~! Feorr = (50.7; 5.80)
4 D =4,8210"" mm%s~! i = (1,0:0,2) 4 D =4.8210"" mm’s~! i = (1.0;0.2)
5 D= 4,8210"" mm%s~! i = (3,0; 0,6) 5 D =4.8210"" mm*s~! i = (3.0; 0.6)
6 D =48210"" mms~! m”—(507580) 6 D= 48210"" mm?s™! mﬂ—(50758m
7 w = 0,170 rok~** feor = (1,0;0,2) 7 w = 0.170 year** Lo = (1.0;0.2)
8 w = 0,170 rok * i = (3,0; 0,6) 8 w = 0.170 year %3 i = (3.0; 0.6)
9 w = 0,170 rok * Feor = (50.7; 5,80) 9 w = 0.170 year % Foor = (50.7; 5.80)
10 w = 0,160 rok ** i = (1,0;0,2) 10 w = 0.160 year ** i = (1.0;0.2)
11 w = 0,160 rok %° Lo = (3,0; 0,6) 11 w = 0.160 year %3 i = (3.0; 0.6)
12 w = 0,160 rok ** Teorr = (50,7; 5,80) 12 w = 0.160 year %3 Feorr = (50.7; 5.80)

3. Casovo zavisla pravdepodobnost poruchy Pi(D)

Pravdepodobnost poruchy prvku Py(?) je Casovo zavisla a je
definovana rovnicou podla [3]

P =n60 <0 =1- [ Ko [ o

kde
T (x = my1)
—LO| 1 — | o ———=|s(n)d7 1
Fx)=e [~ IS e L) = fA(T)dT, an
o
je distribu¢na funkcia nahodne premennej odozvy zataZenia S so
strednou hodnotou m(#) a smerodajnou odchylkou sy(7).

3. Time dependent failure probability P,(z)

The element probability of failure P/(7) is time dependent and
it is defined using formula according to [3]

Xomp(m) _1 |
() ) () f(n)drdx, (16)
where
1ol - ’ X_m‘(")sr . .
Fx)=e sof 1= [0 )()d},L([):JA(T)dT, (17)
0

is the distribution function of random variable load effects S with
mean value m () and standard deviation s (7).

Ps(t)

OE-01 ~
8E-01 ~
6E-01 ~
4E-01 ~
2E-01 ~
OE-01 ~
8E-01 ~
6E-01 ~
4E-01 ~
2E-01 ~
OE-01 ~
8E-01 +
,60E-02 +
6,40E-02 -
3,20E-02 ~
1,00E-05

N DO N TN U100 = A 0

O=_2=2=2NNNOWWWAAA

0 0,2

0,4

Probability of failure

T4=80 years

0,6 0,8 1 tTqy

Obr. 5. Casovo zdvisld pravdepodobnost poruchy P(1) ohybaného prvku napadnutého kordziou
Fig. 5. Time dependent failure probability P(t) of bending member under corrosion attack
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Odozva zatazenia S je chapana ako séria normalne rozdelenych
ucinkov zatazenia opakovane sa vyskytujucich v Case a riadiacich
sa Poissonovym rozdelenim s parametrom A(7) = 1/80 = 0,0125.
Vysledky vypoctov pravdepodobnosti poruchy prvku P.(7) a jej
zodpovedajicim indexom spolahlivosti 3() st zndzornené na obr.
5 aobr. 6.

Load effects S are normally distributed random variables in
time having Poisson distribution with parameter A(7) = 1/80 =
= (0.0125. Results of simulation of the element failure probability
Py(t) and correspondent reliability index B(¢) are shown in Fig. 5
and Fig. 6.

B (t) Index of reliability ;
————————— 3
4,00 1.
3,50
3,00
2,50
2,00
1,50
1,00
0,50
0,00 w \ \ ‘
0 0,2 0,4 0,6 0,8 1 tTy
Obr. 6 Casovo zdvisly index spolahlivosti B(t) ohybaného prvku napadnutého koréziou
Fig. 6 Time dependent reliability index B(1) of bending member under corrosion attack
4. Zavery 4. Conclusions

V prezentovanom prispevku sme sa zaoberali vplyvom korézie
na odolnost a spolahlivost ohybaného Zelezobeténového prvku.

Zmena strednej hodnoty odolnosti mg(#) rozhodujiico ovplyv-
nuje zmenu pravdepodobnosti poruchy. Stredna hodnota odolnosti
sa nemeni pocas pasivneho §tadia. Dizky uvazovanych pasivnych
stadii boli: 32,2 rokov (D = 2,84.107" mm2s™ ),

18,9 rokov (D = 4,82.107" mm*s ),
21.5 rokov (w = 0,170 year™ *),
6,3 rokov (w = 0,160 year **).

Dizka pasivneho §tadia znaéne ovplyviiuje strednti hodnotu
odolnosti mg(f) a pravdepodobnost poruchy P(#). NajkratSie
pasivne Stadium rovné 6,3 rokom zodpoveda vel'mi agresivnym pod-
mienkam (primorské krajiny). Z tohoto dovodu nie st tieto vysledky
(krivka 10, 11, 12 na obr. 4) aplikovatelné v nasej krajine.

Hodnoty hustoty prudovej korozie i, a stupia korozie r,
vyznamne ovplyviiuju strednit hodnotu odolnosti mg(#). VysSie
hodnoty i,,,, a r,,,. zodpovedaju vacSiemu ubytku strednej hodnoty

corr

odolnosti. Hodnota r,,, je taktieZ nerealna pre nase klimatické

orr

In this paper, the influence of reinforcement corrosion on the
resistance and reliability of concrete element subjected to bending
is presented.

The change of mean value of resistance R(¢) affects decisively
the change of failure probability. The mean value is not changed
during the passive stage. The lengths of the passive stage were:

32.2 years (D = 2,84.1077 mm>s™ ),
18.9 years (D = 4,82.107" mm2s~ 1),
21.5 years (w = 0,170 year*%),
6.3 years (w = 0,160 year™ %).

The length of the passive stage influences the mean value of
resistance R(#) and the failure probability P(?) to a great degree.
The shortest passive stage equals to 6.3 years corresponds to very
aggressive conditions (seaside countries). Therefore, the results
(curves 10, 11, 12, Fig. 4) are not applicable in our country.

The values of the corrosion current density i, and corrosion
rate r,,,, affect the mean value of resistance R(¢) significantly. The
higher value of i,,,, and r,,,,. correspond to a higher decrease of
the mean value of resistance. The value of r.,,. should be not

corr
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prostredie, pretoze nakolko zodpoveda vysoko agresivnym pod-
mienkam - krivky 6,9.

Smerodajné odchylka odolnosti sg(#) znacné zavisi od smero-
dajnych odchylok hustoty prudovej korozie i,,,, a stupfia kordzie
Teorr- Serodajnd odchylka odolnosti v ase rastie s vicSou sme-
rodajnou odchylkou i,,,, a r,,,, (krivky 2, 5, 8, 12, obr. 5).

Pravdepodobnost poruchy P/(?) a index spolahlivosti B(7) sa
vyznamne zacinaju menit po polovici Zivotnosti mosta. Stredna
hodnota odolnosti meni najvyraznejsie pravdepodobnost poruchy.
Ziskana Casova zavislost pravdepodobnosti poruchy prvku umoz-
fiuje kvalitnejSie planovanie udrzby mostu a presnejSie stanovenie
doby jeho rekonstrukcie.
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applicable in our region (it corresponds to aggressive conditions
too - curves 6,9).

The standard deviation of resistance R(z) depends much on
the standard deviation of corrosion current density i.,,, and cor-
rosion rate r,,,,.. The resistance standard deviation is increased in
time with a higher standard deviation of i,,,, and r,,,, (curves 2, 5,

8, 12, fig. 5).

The failure probability P.(r) and reliability index B(¢) are
changed significantly after half of bridge lifetime. The change of
the resistance mean value influences failure probability mostly.

The obtained time dependent failure probability of member
can be used for planning maintenance and determining the time
of its reconstruction.
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