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THE EFFECT OF MATERIALS ON THE RELIABILITY OF REINFORCED CONCRETE

BEAMS IN NORMAL AND INTENSE CORROSIONS

WPLYW STOSOWANYCH MATERIALOW NA NIEZAWODNOSC BELEK
ZELBETOWYCH W WARUNKACH NORMALNEJ I SILNEJ KOROZJI

Concrete structures are exposed to a variety of damages during their lifetime each of which could contribute to reducing their
service life and load bearing capacity. Since most of parameters have special role in estimating capacity of members which are
not certain, probabilistic evaluating the performance of concrete structures could bring more realistic perception about analysis
and design of these structures. One of the most frequent probable damages is corrosion. The main focus of this study is placed on
reliability assessment of flexural behavior of a reinforced concrete beam experienced pitting corrosion via Monte Carlo simula-
tion. In addition, the effects of time to corrosion initiation, steel rebar diameter, yielding stress of rebars, strength class of cement,
aggregate type and compressive strength of concrete, are included both in intense and normal pitting corrosion. The results clearly
illustrate that occurrence of intense corrosion in concrete with low compressive strength, which used of higher strength class of
cement and crushed stone aggregate, and less initial time for corrosion will lead to considerable reduction in service life even in
some cases nearly half.
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W trakcie cyklu zycia, konstrukcje betonowe sq narazone na wiele uszkodzen, z ktorych kazde moze przyczyniac sie do skrocenia
ich zywotnosci i nosnosci. Poniewaz wigkszoS¢ parametrow odgrywajgcych szczegolng role w szacowaniu nosnosci elementow
cechuje niepewnos¢, ocena probabilistyczna charakterystyk struktur betonowych moze dawacé bardziej realistyczny obraz analizy
i projektowania tych struktur. Jednym z najczesciej wystepujgcych uszkodzen struktur zelbetowych jest korozja. Gtownym celem
niniejszego badania byta ocena niezawodnosci zachowania zginanej belki zelbetowej doswiadczalnie poddanej korozji wzerowej
poprzez symulacje Monte Carlo. Ponadto, badano oddziatywanie czasu inkubacji korozji, Srednicy stalowych pretow zbrojenio-
wych, granicy plastycznosci tych pretow, klasy wytrzymatosci cementu, rodzaju kruszywa i wytrzymatosci na Sciskanie betonu
zarowno w warunkach silnej jak i normalnej korozji wzerowej. Wyniki jasno pokazujq, ze wystgpienie silnej korozji w betonie o
matej wytrzymatosci na sciskanie, do produkcji ktorego wykorzystano cement i kruszywo kamienne o wyzszej klasie wytrzymatosci,
oraz krotszy czas inkubacji korozji prowadzq do znacznego skrocenia Zywotnosci belek, w niektorych przypadkach nawet prawie
o potowe.

Stowa kluczowe: prawdopodobienstwo awarii, symulacja Monte Carlo, korozja wzerowa, nosnos¢ na zginanie,

belki zelbetowe.

1. Introduction

Recent investigations on structures located in coastal areas with
hot weather, indicates that sizable number of these structures are at
stake of either sulfates or corrosive substances attack [16]. Today,
most of impairments during serviceability of concrete structures are
concerned to steel corrosion especially in marine structures and con-
crete bridges [1]. Reinforcing steel is normally passive in concrete
due to high alkalinity of the concrete pore solution, however, chlo-
rides or carbonation penetration into the concrete, destroys this inhibi-
tive property of the concrete and leads to corrosion [38]. Two types of
corrosion —general and pitting —are possible [14]. General corrosion
affects on cross section of reinforcement with more or less uniform
metal loss over the perimeter of reinforcing bars [28]. It also causes
cracking and eventually spalling of the concrete cover and produces
rust staining on the concrete surface so it can be detected quite easily
during inspection of a structure [39]. Pitting or localized corrosion,

in contrast to general corrosion, concentrates over small areas of re-
inforcement. Pitting corrosion often does not cause disruption of the
concrete cover and produces little rust staining on the concrete surface
and so it may be difficult to be discovered during inspection [18-19].
Despite that a numerous researches have been done about time de-
pendent reliability of these deteriorating structures, most of them are
based on uniform corrosion assumption [12, 15-16].

Stewart [34], Stewart & Al Harthy [32] and Stewart & Suo [35]
studied the spatial effects of local corrosion in reliability of bending
behavior of concrete beams. These researchers developed a Stochastic
model for pitting corrosion in a simply supported beam in which Ei-
gen value theory is applied with the intention of predicting the maxi-
mum value of corrosion depth as function of both diameter and length
of steel rebar. Note that, they presumed following assumptions: i)
statistical data about corrosion depth were gathered based on limited
number of previous studies, ii) ductile rapture mode of steel rebar is
presumed, iii) the effect of corrosion on steel material is neglected.
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Subsequently Stewart & Al Harthy [32] elevated previous study
[34, 33] by employing a progressive corrosion data on two rebar di-
ameter namely 16 and 27 in order to achieve modified Eigen value for
pitting corrosion. Unlike the former study, they also considered the
corrosion impact on steel material. Interestingly in the present article,
the same approach is recruited, will be depicted in Sec.4.Barone and
Frangopol investigated the probabilistic approaches and obtained that
Maintenance schedules are for life-cycle maintenance of structural
systems [3]. Zhang et al. presented the time-dependent probability of
chloride-induced corrosion of reinforced concrete (RC) structures in
marine environments, by developing the third-moment (TM) method
[41].According to Simioni [31] and Pedeferri [27], often the amount
of cross-sectional reduction is intense and neglecting it in the design
of RC structures can lead to serious damage.

Based on the studies conducted above, the outcome of section
area reduction due to corrosion intense is not discussed; so, in the
present article, a probabilistic model for flexural behavior of a beam is
suggested in pursuit of reliability assessment of concrete beams with
rectangular section which are subjected to pitting corrosion with two
kinds of pitting scenarios (intense and normal pitting) based on the
amounts of pit depths. More precisely, all the possible detrimental
impacts of corrosion comprised of cross section reduction, decrease
in yield stress and so on, are considered in the process. Based on sug-
gested probabilistic model, reliability assessment of a reinforced con-
crete beam will be evaluated via employing Monte Carlo simulation.
Finally, according to the results, the role of different parameters in
serviceability of beam will be reported.

2. Deterioration process

After initial corrosion and during of corrosion propagation, load
bearing capacity of RC members decreased [28].

2.1. Corrosion initiation

The time to corrosion initiation will be calculated regard to sec-
ond diffusion law in 1 dimensional in semi-finite solid body (Fick’s
law according to Eq. (1)), shown in Eq.(2). It should be noted that
diffusion in the practical process are different from that assumed with
Fick’s law, yet it is used normally for simulating chloride ingress in
concrete, because of its accuracy [5, 2]:

¥ _p 2

ot - e 5x2 (1)
o= g - Sy @
" ap, G

where “C” is the cover (cm), “erf” indicate the error function, Cy;, and
Cy is the chloride threshold and constant amount of chloride on sur-
face (kg / m>) respectively and D,. is indication of chloride diffusion

coefficient (cm? / s) , which directly correlated with Water-cement ra-
tio, environmental condition like temperature and humidity level. It
will be calculated as follow [4, 6]:

D, =[1.249 - 5.051wc +8.941wc?]x107° 3)

According to the building research establishment of Iran [7], the
relationship between the water to cement ratio (W/C), the type of ag-
gregate in the concrete and strength class of cement with compressive
strength of concrete are obtained by the following relationships.

For crushed aggregate and strength class of cement(C 525):

F.(MPa)=573.91("/)° - 984.34(% )+ 435.71(% )+4.4767 (4-a)

For round aggregate and strength class of cement (R 525):

F,(MPa) = 545.45(% )’ —894.810/) + 369.48(% )+13.818 (4-b)

For crushed aggregate and strength class of cement (C425):

F,(MPa) = 525.25(%)3 —817.75(%)2 + 313.6(%) +22.121 (4-¢)

For round aggregate and strength class of cement (R 425):

F,(MPa) = 707.07(% )y — 1087.4(% Y+ 450.57(% )+5.6061 (4-d)

2.2. Corrosion propagation

Quantitative definition of corrosion propagation is provided pri-
marily in the form of corrosion rate which is offered as amount of
steel loss per unit time and unit area. Most of current non-destructive
techniques detects the corrosion whereby electromechanical meas-

urement of current rate (i,,,,. ).Stewart et al, developed an analytical
model for estimating the corrosion which is dependent upon param-
eters like quality of concrete and rebar cover [17, 39]:

(Feopr (T') = 0.850c,,. (1)'T0'29) ®)

In which “T” indicates how long corrosion have initiated

(T =t~-Ty ), TO shows the initiation time of corrosion and “t” is the
structure life (year). This equation is viable to be used for cities locat-
ed in Asia, Europe, America and Australia [39, 40]. One major draw-
back of this equation is affiliated with corrosion with short periods of

structure life. In other words, if “T” is small (t = Ty — T = 0), corro-
sion rate tends to reach infinity. In this respect, modified mentioned
equation as below [40]:

beorr oy
(1).T_0'29

0<T <1 year
. (6)
0.85i

corr

Leorr (= { T>1 year

In which i, (1) is the one year corrosion rate at the start of cor-

rosion initiation (A / cm?) , which is suggested as following equation
[10]:

37.8(1—we)

C

beorr o= ™)

In general corrosion in order to calculate corrosion rate, according
to Faraday’s law of electrochemical equivalence will be recruited into
steel mass loss, which i.,,,. the corrosion rate. AD indicates the diam-
eter reduction (mm) and “T” illustrate the number of years [8]:

AD(T)=0.0232],,, *T @)
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n[Dy - AD(T))?

A(T)=n 2

20 ©)

[T}

If corrosion current density is assumed to be identical for “n” steel
rebars with diameter D, the cross section area of rebars could be re-
sulted according to Eq.(9), but if corrosion is local, the cross section
of the rebars should be calculated as:

2
A (T)—n(“f‘) —Apit]zo (10)

where Ap;,(¢) and 4, is the cross section area of corroded and non-
corroded rebar, respectively. “n” is cited as the number of rebar, and
Api;(t) will be seen in Fig. 1 and calculated as following equation
[38, 35,21]:

‘ b

——————|

== | . ]
p()
'

D,
| |

Fig. 1. Configuration of pitting corrosion in rebar [38, 41]

D,

A+ A P(T)<=%

|+ 4, (T) 72

Dy

Api(T) = Ay — 4 + 4 $<P(T)SDO (11)

A P(T)> D,

where:
P(T)=0.0116.i,,,,(T).R.T (12)
n.D2

AszTO (13)

Dy ,|Dy P(T)?
A =0.5[0,(ZL)? —p| =0 - L 14
| [1(2) 2 D, ] (14)

2

Ay = 0.5[0,P(T)> —bP(.%)] (15)

0

P(T . b . b
b=2P(T) /lf(jg—o) 2.0,= Zarcsm(D—O) ,0, = 2arcs1n(2P(T)) (16)

In above equation, P(7) is the maximum pit depth (mm), R is

pitting factor will calculated as the ratio of P(T') to average corro-

sion in a period of years (R = P(T)/P,,) . Additionally, i, (T) is
corrosion rate, which is a function of time (in term of (ud/ cmz) ),
and T were defined in the previous section. In fact, in case of normal
corrosion with usual penetration rate of flexural capacity reduction
of beam as a result of the loss of transverse cross-sectional area of
rebars (according to Egs. 12-16), Even after 100 years it is negligible
and with fact of many observations of marine structures in extreme
areas, is inconsistent. For this reason, in this study, to achieve a more
realistic behavior of structures under severe corrosion, pitting depth in
Eq. (12), was considered ten times the usual amount.

3. Reliability assessment

Reliability of many practical problems can be investigated through
a mathematical model composed of “R” related to strength of material
and “S” associated with imposed load. These mathematical models
are known as limit state functions indicative of an intended behavior
of the structure. It is worth to mention that a damage will be induced
to the structure when the imposed load are larger than structure capac-

ity; that is, when G=R—S is minus [21, 23]:

Pr=[[p g.ofs.r(s, r)dsdr = PIG(U) <0] = G(J) 0 Sx(OdX (19,

in which P; , G(U) and fx(X), are failure probability of structure,
limit state function and joint probability density function of variables,
respectively.

The major problem in reliability assessment of structures is solu-
tion of abovementioned integration. One of the suggested approxi-
mate solutions for mentioned integration is Mont Carlo simulation
[30, 23] .According to the definition counter function, failure prob-
ability can be written as [23]:

P= | Frgeeeny G155 %) - d,

G(x)<0
w oo (18)
= [ [ IXT Sy, (15 )y -,

And finally P; can be written as follow:

lN
Pr= [ o fy (e )dsod, =SS ILG] (19)
G(x)<0 i=1

where:
iip12]0 G >0
[X1= 1 G(x)<0 (20)

4. Probabilistic beam model for corrosion

A probabilistic model is comprised of a variety of random vari-
ables such as load and material strength which will be analyzed via a
limit state function. This model should be inclusive of both all possi-
ble uncertainties in reliability assessment and statistical parameters of
the damage. Consequently, at first in this section devoted to propose
the desirable limit state function suited for flexural behavior of rein-
forced concrete beams, at last aimed at offering felicitous statistical
specifications of time to corrosion initiation formula.
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4.1. Limit state function

Nominal ultimate flexural strength of a concrete beam with rec-
tangular section could be readily resulted from bending theory. By
considering characteristic and equilibrium equations, nominal flexu-
ral capacity will yielded (M) as it is explicit observable from the
Eq.(21), there is positive correlation between area of steel rebars and
flexural strength [35, 4]:

e2))

M, = 4,0/, {d _AOT, }

1.75f]

According to mention in sec 3, limit state function for flexural
capacity written as follow;

GM)=M,-M, (22)

Where M, is imposed moment due to external loads and (M) is
nominal flexural strength of the beam. According to above equation,
the probabilistic model could be developed as following equation in-
volving both uncertainties of strength and steel deterioration:

G(M) = ME, A(T) f,(T)(d - K%}m) M, @)
AT =(-a %Asm)fy (24)

s

In the above limit state function, f,,(T) is yield stress of corroded
steel which is linearly correlated with un-corroded one, (4, — 4,(T))
and a coefficient is an experimental parameters which is normally
recommended to be 0.5 [35, 21]. A numerical study with full detail
is available in ref. [21] which properly predicts the capacity of the
structures subjected to corrosion, yet even these analysis do not con-
sider the spatial effects of corrosion and redistribution of load among
residual rebars after at least a failure. These fields of studies requires
more research in future. It is instructive to note that in the limit state
function mentioned in Eq.(23),uncertainties were
considered in forms of ME,, [35, 26, 23].

rebars with 43 mm diameter( 4, =4356 mm? ). Finally, as mentioned
before, independent variables in limit state function will be analyzed
via Monte Carlo simulation.

5.1. Statistical properties of corrosion variables

As it shown in Eq.(6), corrosion rate is relevant upon concrete
characteristics and initiation of corrosion. Besides, according to Eq.
(2), initiation time, itself, is dependent on concrete cover, chloride
threshold and constant amount of surface chloride and diffusion coef-
ficient. Similarly, diffusion properties is also at the mercy of water to
cement ratio; hence, it can be concluded that initiation time of corro-
sion is a function of water to cement ratio, that is related to compres-
sive strength of concrete.

In Tables 1-3 each random variables with mean and coefficient of
variation and type of distribution are defined.

5.2. Pitting factor (R)

As it was mentioned earlier, unlike general corrosion, pitting cor-
rosion aims at limited area of rebars; thus, the corroded area in pitting
corrosion might be much less than corrosion resulted from i,,,,. . As
a result, i, should not be employed directly to evaluate the cross-
sectional corroded area. According to study conducted by Gonzaleset
al. [16], the maximum pit depth is roughly 4-8 times bigger than cor-
respondent value for general one. For example, results for rebars with
length of 125 mm and diameter of 8§ mm are in accordance with results
in Tuutti1982 [37] in which “R” for rebars with length of 150 — 300
mm and diameter bounded below by 5 mm and above by 10 mm is
reported between 4-10.

Based on Tuutti 1982 [37], there is a considerable uncertainty for
parameter “R”. In order to address this issue, one of the most com-
mon approaches is probabilistic modeling via eigen value theory. For
this purpose, this parameter is modeled as random variable Gumbel
distribution, resulted form Turnbull 1993 [36]. Note that since this
approach is pervasively recruited for steel plates, pipelines and pre-
stressed cables, which leads to acceptable results, it is reasonable to
employ that here to involve uncertainty for “R”.

Table 1. Statistical characteristics of effective variables in estimating the corrosion initiation

L Parameter Mean COV | Distribution Reference
3. Rellablllty assessment of corroded Concrete cover (mm) 50 0.12 Normal Darmawan et al.(2010) [11]
RC beam
kg
Limit state function mentioned in Eq.(23), CO(?) 305 | 074 Normal Stewart (2004) [34]
is a probabilistic formulation for prediction of
occurring flexural failure of a concrete beam, Cth(L%] 0.9 0.2 | Log-normal Stewart (2004) [34]
m

which also embraces independent random vari-

ables. These variables are simulated by a group
of probability functions such as Normal, Log-
normal and Gumbel distribution function. Note

2
D, () (High quality) | 14 0.75
year

Log-normal | Nogueira &, Leonel (2013) [22, 29]

that varying properties of corrosion initiation
is resulted from statistical analysis and the rest
of properties are assumed based on previous

2
D, (™) (Low quality) | 163 | 0.75
year

Log-normal | Nogueira &, Leonel (2013) [22, 29]

studies in literature. Accordingly, the analytical

model is composed of a one span concrete beam Table 2. Statistical characteristics of uncertainty variables in model

with simply supports at the ends subjected to

Parameter

Distribution | COV Mean Reference

a uniform distributed load. It has 10 m length,
and rectangular cross-section with 0.35 width

ME,, (flexural model uncertainty)

Normal 0.120 1.10 Nowak et al(2005) [24]

and 0.8 height. Two groups of rebar layout are K

Normal 0.05 0.59 Stewart (2009) [35]

considered for longitudinal reinforcing steel one
a

Log-normal | 0.12 0.5 Stewart (2004) [34]

of which has 9 rebars with 25.4 mm diameter (

A, =4560 mm? ) and the other one possesses 3

Parameter of pitting corrosion (R)

Gumbel 0.22 5.65 Stewart (2004) [34]
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Table 3. Statistical characteristics of mechanical features of materials, load and resistance stricted by less than 0.2 rebar diameter. In this re-

Parameter Mean cov Distribution

gard, two modeling approach will be recruited.

Reference The concrete beam which mentioned in pre-

f. concrete compressive
strength (MPa)

27.6 0.18 Log-normal Mirza et al.(1979) [20]

vious section, is reliability assessed with 3e5
and 3e7 simulations of Monte Carlo for intense

and normal pitting corrosion with two layout of

N 414 0.10 Log-normal Mirza et al (1979)[20 . . .
fy steel strength (MPa) & ( 1201 reinforcing steels that defined in sec 5. In each
Dead load( KN ) 105G, 0.10 normal Ellingwood et al.(1980) anal){sm, one of the ¥andom Varla}bles p!aymg
m [13] role in flexural capacity of beam is considered
X _ with the intention of scrutinizing the correspond-
Live load(—) 030, 0.6 gamma Chalkcand C[(;gotls (1980) | ent changes.
m
d(effective depth of cross nominal 0.02 Normal Ostlund(1991),Lu et al. 6.1. Effect of aggregate type and strength
section) (cm) : (1994)[25] class of cement
In this section, the correlation between
Concrete cover (cm) 9 0.12 Normal Darmawanet al.(2010)[11]

strength class of cement and failure probability

5.3. Pitting factor via Gumbel distribution

The following equation is used to compute R as a random variable
modeled by the Gumbel distribution:

F(R)= exp{—exp{—%_u):” (25)

Where p and o are Gumbel distribution parameters. According to
Stewart 2004 [34], R parameter varies from 4 to 8with assumption for
rebar with 8 mm diameter and 125 mm length (between of 5% to 95%
in Gumbel distribution).Then, mean value and C.O.V are 5.65 and
0.22, respectively, which is related to 1y=5.08 and a;=1.02. In order to
compute Gumbel distribution parameters for other rebars with differ-
ent diameter, ensuing equation is suggested by Gonzales et al. [16].

1 A
o=aoy 1= y+— ln(] (26)
ay 4

Where “A” is lateral area of the rebar and A is lateral area of re-
bar with 8 mm diameter and 125 mm length. There are also evidences
indicating that pitting factor might decrease over the time [6].Thus,
statistics reported for pit depth ought to be used conservatively.

will be discussed. Figs. 3 and 4 Portrays the ef-
fect aggregate type(R=Round aggregate and
C=Crushed aggregate) and strength class of

Fig. 2. The effect of intense pitting corrosion on rebar [27]

cement(425 kg/cm? and 525 kg/cm®)for two layouts of longitudinal
rebars.

According to the presented formula in relationship 4, for fixed
compressive strength f, =27.6 MPa , for each strength class of ce-
ment and the applied aggregate, it is possible to determine the ratio
of water to cement to achieve the resistance of interest. Also, accord-
ing to relationships 6 and 7, after determining the corrosion rate as
decreased armature area based on 11-16, it will be possible to obtain
decreased flexural capacity of RC beams. By comparing the diagrams
of the following charts, it will be possible to observe the effects of
various strength class of cement as well as the effect of aggregate
shape on the failure caused by corrosion.

6. Analysis Results 1

In general and base on mentioned equations, mostly 09

corrosion occurrence in normal pitting corrosion, but os kL

sometimes pitting depth is very higher than equation. As it _g
can be observed in Fig.2, pitting corrosion due to intensity -‘E‘ 07
of chloride concentration results to a high amount of pit 2, .|
depth. In practice, however, this depends on such param- Z
eters like how long and to what extent rebars have been % 051
subjected to corrosion. So as to consider this uncertainty ;fs 04l
in the simulation, corrosion parameters except pitting £
depth will be defined same for both intense and normal Z 03F
corrosion. For the first case, random variables of P(T) for 8 02k

calculating A4,;; in Eq.(12), considered about 10 times of
normal corrosion that corrosion could progress as much as
possible. Accordingly intense corrosion will be defined in 0

T T T T T T T T T

---- 425
€523
e R425

—a— R525

L L L (P e 1 1 L

Matlab Software leading to the fact that corrosion depth 0
could be extended nearly up to rebar diameter. But for the
latter case, normal pitting, Eqs.(11) to (16) will be consid-
ered for corrosion parameters, that corrosion would be re-

10 20 30 40 50 o) 70 80 90 100
time(year)

Fig. 3. Beam with rebars diameter of 25.4 mm with different cement strength class and aggre-
gate type
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- === C425
€525
msmsmems RA2E
0.8 | ——gs25

cumulative probability of failure
=
>

“I _/
§ . . s . . . . 1 =

1] 10 20 a0 40 50 60 70 20 L] 100
time(year)

Fig. 4. Beam with rebars diameter of 43 mm with cement strength class and
aggregate type

Despite of expectations in mix design, in case that round shaped
aggregate isused for concrete mixture, the concrete beam is less prob-
able to fail during its lifetime. In other words, usage of round shaped
gravel will postpone the failure time. It is worth to mention that this
delay is more considerable when it comes to concrete with smaller
strength class of cement. For example, for C425, postponement is
around 10 years whereas for C525 is nearly one year.

It is worth mentioning that regarding relationship (4) (f’c-wc),
for a constant compressive strength of concrete as the strength class
of cement is higher, higher water to cement ratio will be obtained.
As a result, as expected, with increased ratio of water to cement (in
fixed resistance), the conditions for the formation of corrosion will be
prepared and the failure probability increases. That is why, according
to Figs.3 and 4, when we use cement with higher strength class, the
failure probability increases.

Of course, the use of various cement strength class can imple-
ment two reverse effects on the failure probability of concrete beam,;
in fixed water to cement ratio, if cement with higher strength class is
used, higher compressive strength of concrete will be obtained and
the failure probability decreases. But in fixed compressive strength of
concrete, in the case of using higher resistance, the water to cement
ratio increases and the failure probability of concrete beam will be
more likely.

6.2. Effect of compressive strength of concrete

The focus of this section is placed on evaluating the role of com-
pressive strength of concrete in reliability assessment of the beams.
Figs. 5 and 6 outlines the failure probability of the two mentioned
beams with two rebars layout and different compressive strengths.

1 T T T T T T T T
= === Fe=26.2 MPa
09 - Fe=27.6 MPa
memememe Fe=40 MPa
g 08
=
E07F
Z06f
Eosk
g
o 04
303
3
02k
0l
o L ) L L i
0 10 20 30 40 50 60 70 20 0 100

time(year)

Fig. 5. Beam with rebars diameter of 25.4 mm with different compressive
strength of concrete

1 T T T T T T T T T
sl Seee Fe=26.2 MPa
0.9 Fe27.6 MPa
——————— Fe—40 MPa

= =

o e
T T
I I

=

=
T
L

s
T
1

=
"

cumulative probzbility of failure
2
T

=
B
T

o : : i L . .
0 ] 20 30 40 50 60 70 80 90 100
time(year)

Fig. 6. Beam with rebars diameter of 43 mm anddifferent compressive strength
of concrete

As it is observable in both figures, as the compressive strength grow,
concrete beams are more resistant to corrosion which itself will lead
to declining the failure probability.

6.3. Effect of yield stress of steel rebars

As the fourth factor that evaluated, the yield stress of reinforc-
ing steel performing a role in reliability assessment of the concrete
beams and is investigated here in this section. The effect of yield
stress of rebars are presented in Figs. 7 and 8 in which are for beams
reinforced with 25.4 mm and 43 mm diameter, respectively. As it is
obvious in both figures, augment in yield stress will make structure

1 T T T T T T T T T

o =-=-" Fy=414 MPa -

Fy=490 MPa T

0 10 20 30 40 50 o0 70 80 90 100
time(year)

Fig. 7. Beam with rebars diameter of 25.4 mm and different yield stress

09 k| ===-- Fyrd14MPa 4
Fy=4%0 MPa

07 1

cumulative probability of failure
o
T
1

X
T
1

0 I I L L 1 L
] ] 0 30 40 50 (i) 70 &0 90 100

time(year)

Fig. 8. Beam with rebars diameter of 43 mm and different yield stress
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more immune to corrosion, but it should be noted that this change
is relatively low.

6.4. Effect of diameter of steel rebars

The last but not the least parameter played undeniable role in
reliability assessment of the concrete beams is pertinent to arrang-
ing steel through out the cross section. More particularly, if “A” cm?
is required to reinforce the section, how many and what diameters
are needed. The two following figure will enlighten the role of rebar
diameter for identical area of steel. In two beams with the identical
physical and mechanical properties, if the diameter of longitudinal
rebar is 43 mm, probability of failure is zero for the first 40 years
henceforth it soars up till the 100" year when the probability will see
70 %. However, if longitudinal rebar has the diameter of 25.4 mm, the
same pattern happen for the first twenty years, the failure probability
is zero, but it will experience an ascending trend after 20" years till
the 66™ year when the probability is 100 %.

The main reason that rebar with lower diameter after corrosion
(assuming similar corrosion initiation time and ignoring cover chang-
es in this parameter) has higher failure probability is that the corrosion
penetration depth is similar for both rebar diameters. Therefore, the
ratio of decreased area to the initial area and as a result, decreased
flexural resistance percentage will increase in rebars with lower di-
ameter. This issue, along with fixed load, leads to higher failure prob-
ability.
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Fig. 9. Beam with different diameter at the same cross-sectional area

It should be note that in the presented diagram in Fig.9, the ef-
fects of increased diameter in decreasing cover on rebar have been
ignored. Furthermore, in these diagrams, the effects of R variation
in rebars with more diameter have been ignored. It should be noted
that according to concrete quality and cover, the time difference for
the corrosion initiation for rebars with different diameters changes. It
is obvious that when the corrosion initiation for both rebars is almost
similar, the results of Fig.9 are valid. But increasing the time for the
corrosion initiation based on Figs. 5 and 6 changes the results in Fig.9.
Also, for higher time difference, the corrosion initiation for different
rebar diameters can be reversed.

If the parameters presented in Tables 1& 3 are used for concrete
beam that studied in this paper, and for low and high quality concrete
we used diffusion coefficients of D,=163 mm*/year and D =14 mm?*/
year, the probability for corrosion for both rebar and concrete cover
can be observed in the following chart. It is observed that for high
quality concretes (D .=14), corrosion will not occur for 50 years. For
low quality concretes (D.=163), the time difference for the corrosion
initiation time for both rebars with diameters of 25.4 mm and 43 mm
will be about 1 year as 7 and 6 years, respectively.

|, ~163 & DO-25.4 man |

—— D,"163 & DO=43 mm

— D714 & DO=25.4 m

e (=14 & =43

(] 5 10 15 20 25 0 35 0 a5 50
Time (Year)

Fig. 10. The corrosion probability for rebars in both type concretes (net
cover=90-(D0/2)

In the case of using concrete with the 50 mm cover, as can be seen
from Fig. 11, if we consider the corrosion criteria as 10%, regarding
concretes with high quality with 50 years lifetime, if rebars with di-
ameters of 25.4 mm and 43 mm are used, the corrosion initiation will
be 2 and 1 years, respectively.
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Fig. 11. The corrosion probability for rebars in both type concretes (net
cover=50-(D0/2)

According to Figs. 10 and 11, the highest time difference for the
corrosion initiation for two different rebars while using high quality
concrete (lower water to cement ratio and lower diffusion coefficient),
with the concrete cover is lower. Therefore, in this condition, due to
the occurrence of rapid corrosion in larger rebars, the damage to the
structures with larger rebars will be larger.

6.5. Effects of corrosion initiation time

Figs. 12 and 13 are diagrams depict failure probability of the beam
with different time of corrosion initiation and different rebar layout.
By comparing figures, the impact of initiation time of corrosion on
flexural failure probability will be illuminated. It is observed that as

1 T T T T T T T T T

= === Ti=5 years
Ti=10 yeurs
—————— Ti=15 years

0 L L L 1
LU 10 20 0 40 50 o0 0 80 S0 100
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Fig. 12. Beam with rebars diameter of 25.4 mm at different time of corrosion
initiation
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Fig. 13. Beam with rebars diameter of 43 mm at different time of corrosion
initiation

the time of corrosion initiation is increased (lower diffusion coeffi-
cient and larger cover), the failure probability of structure is lower.

As it can be perceived in Figs. 12 and 13, as the initiation time
of corrosion rises, the probability of failure decreases as expected.
However, for a given service life of 100 years, it can be observed that
the bigger diameter for rebars leads to the less failure probability of
the beam. An illustration of this could be seen for the two beams. The
samples reinforced with 25.4 mm rebar diameter, all fails are about 75
to 90 % after 100 years while the other group of beam (with 43 mm
rebar diameter) are remain less than 20 percent of failure probability
after 100 years.

6.6. Corrosion with normal pitting

In this type of pitting the concrete beam mentioned in previous
sections, is reliability assessed with 3e7 simulations of Monte Carlo.
All of discussed in previous section could be generalized for the case
of corrosion with normal pit with exception that in this case all the
failure probability will significantly decline in comparison with in-
tense pitting. Besides, according to Figs.14-16, the range of variation
in results is inconsiderable for a period of 100 years. So it can be
concluded that the whole process of corrosion with normal pit can be
neglected. Main reason of in subject, is slight reduce in cross-section
according to Eqs.(12) to (16) even after 100 years. That lead to almost
constant flexural capacity without considerable reduction and subse-
quently limit state function remain positive in flexural capacity.
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Fig. 14. Beam with rebars with a diameter of 25.4 mm at different corrosion
beginning times
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Fig. 15. Beam with rebars diameter of 43 mm with different aggregate and
cement strength class
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Fig. 16. Beam with rebars with a diameter of 25.4 mm with different beam
yield stress

7. Conclusion

In the present study, a probabilistic model for reliability assess-
ment of concrete beams involving various kinds of uncertainties,
compressive concrete strength and steel layout, is proposed. Two
structures are reliably assessed for residual life-time. Besides, the ef-
fect of aggregate type, strength class of cement, compressive strength
of concrete, yield stress of rebar and bar diameter are also evaluated.
According to performed reliability assessment, amount of water to
cement ratio of mixture is the most important parameter for reliability
of corroded RC beams. Following points could be summarized for the
analysis results:

— Enhancing compressive strength of concrete as well as concrete
cover will lead to making the structures more resistant to cor-
rosion. It should be noted that increasing concrete cover is the
most inexpensive and practically feasible way to protect the
reinforcing steel from corrosion. For example, for the case of
diffusion coefficient and D,=14 mm?/year, if the cover increase
40 mm, the failure probability might decrease between 30% -
45%.

— Increase of time to corrosion initiation (with less diffusion coef-
ficient of concrete or high quality of concrete and higher con-
crete cover) contributes to decrease the failure probability of
beams.

— According to the results, utilization of aggregate with round
shaped corner will adjourn the failure of the structures. This
delay in failure of structures is more considerable for concrete
with less strength class of cement.
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— According to the results, failure probability of corroded beam,

in case of beam with higher compressive strength, is less.
Augmenting the yield stress of longitudinal reinforcement will
slightly reduce the failure probability of concrete corroded
beams.

— - It is observed that in case of local corrosion with normal pit-

ting, the same results will be reported, but the difference is that
the failure probabilities are far less than intense corrosion. In
this case, since most of the time, safety factor is large, corrosion
could be totally neglected as a detrimental factor.

— With assumption of equal initiation time of corrosion for rebar
with different diameter (in term of effecting parameters for cor-
rosion initiation such concrete cover and diffusion coefficient),
usage of thicker reinforcement when the same area of steel,
contribute to decline the failure probability of beams. But in
case of high quality of concrete mix, with lower concrete cover,
usage of thicker reinforcement with the same area of steel, con-
tribute to increase the failure probability of beams.
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