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Abstract A reliability-based method was developed for

predicting the initiation time and the probability of flexural

failure for continuous slab bridges with load-induced

cracks exposed to chloride environment resulting from de-

icing salts. A practical methodology was used for pre-

dicting the diffusion coefficient of chloride ingress into the

pre-existing load-induced cracks in concrete. The reduction

in the cross-sectional area of the reinforcement due to

corrosion was included in the model. The proposed

methodology accounts for uncertainties in the strength

demand, structural capacity, and corrosion models, as well

as uncertainties in environmental conditions, material

properties, and structural geometry. All probabilistic data

on uncertainties were estimated from the information

contained in previous experimental and statistical studies.

As an application of the proposed model, a three-span

continuous slab bridge in Ohio is presented for demon-

stration of the developed methodology. A comparison of

results clearly shows the importance of considering the

effects of the load-induced cracks for correct prediction of

the initiation of corrosion time and the critical time to

maintain structural integrity.

Keywords Structural slab bridges � Probability of flexural

failure � Corrosion initiation time � Load-induced cracking �
Probabilistic analysis of slab bridges

Introduction

Chloride-induced corrosion of reinforcing steel in concrete

is known to be one of the major causes of deterioration in

reinforced concrete (RC) structures. Normally, concrete

protects the embedded reinforcing steel against corrosion

due to a thin layer of iron oxide (Fe2O3) that forms on the

steel surface and remains stable in the high alkaline envi-

ronment of concrete pore solution. However, if an RC

structure is exposed to chlorides, as is common when

highway bridges are exposed to de-icing salts, chloride ions

can penetrate the concrete cover and reach the surface of

reinforcing bars. Because of the weather patterns in

Northern United States, de-icing salts are used frequently

during winter times on the riding surface of the highway

bridges. From a review of the database of Special Appli-

cation-Bridge Information System (SABIS) 2012, around

30% of the concrete bridges are constructed as continuous

slab bridges (McClure and Daniell 2010). Thus, it is

important to quantify the effect of the chloride-induced

corrosion damage in terms of the capacity of concrete

bridge superstructure. The capacity deterioration of the

bridge superstructure is generally caused by the decrease in

the cross-sectional area of the reinforcement. The general

process of the reduction in the reinforcement bar diameter

is shown in Fig. 1. The diameter of the reinforcement bar

will not decrease until the corrosion initiation time (TI) is

reached. After reaching this point, the diameter will rapidly

decrease until the structure reaches its critical failure

condition.

& Anil K. Patnaik

Patnaik@uakron.edu

Zhicheng Gao

zg8@zips.uakron.edu

Robert Y. Liang

rliang@udayton.edu

1 Department of Civil Engineering, University of Akron,

Akron, OH 44325-3905, USA

2 Department of Civil and Environmental Engineering and

Engineering Mechanics, University of Dayton, Dayton,

OH 45469, USA

123

Int J Adv Struct Eng (2017) 9:231–245

DOI 10.1007/s40091-017-0160-2

Archive of SID

www.SID.ir

http://orcid.org/0000-0003-4451-3644
http://crossmark.crossref.org/dialog/?doi=10.1007/s40091-017-0160-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40091-017-0160-2&amp;domain=pdf
http://www.sid.ir


In the past, numerous models have been developed for

‘perfect’ and ‘uncracked’ concrete with Fick’s second law

(Crank 1975) used for predicting chloride-induced corro-

sion process of concrete reinforcement (Collepardi et al.

1970; Cady and Weyers 1984; Takewaka and Matsumoto

1988; Mangat and Molloy 1994; Maage et al. 1996;

Bamforth 1999; Thomas and Bentz 2000; Kassir and

Ghosn 2002; Maheswaran and Sanjayan 2004). However,

concrete structures always function with some amount of

cracking caused by service load, shrinkage, and other

factors. The influence of penetration rate of chloride ions in

concrete due to the presence of cracks and its effects on the

corrosion process were investigated in some studies (Gér-

ard and Marchand 2000; Boulfiza et al. 2003; Djerbi et al.

2008). However, most of the existing methods were

developed within a deterministic framework. There is

significant uncertainty associated with the factors related to

the chloride ingress into concrete; it is more appropriate to

use a probabilistic approach to predict the corrosion pro-

cess in a concrete structure with service-load-induced

cracks.

Considering the limitations of previous studies, the

focus of this paper is on a probabilistic approach to predict

the initiation time of corrosion process with load-induced

cracks on the concrete surface. This approach is more

reasonable than that of the deterministic methods or the

models that do not consider the service-load-induced

cracks. A suitable distribution is used to describe the initial

corrosion time based on the consideration of the random

environmental and structural variables. The difference

between the initial corrosion time of cracked concrete and

the initial corrosion time of uncracked concrete surface

conditions is also compared.

For the ultimate strength of a bridge structure, American

Association of State Highway and Transportation Officials

(AASHTO) specifications (AASHTO 2012) provide limit

state design equations. Design engineers use these deter-

ministic equations with appropriate levels of safety. How-

ever, there are many uncertainty conditions of parameters

and coefficients in the limit state equations that should be

considered to obtain the probability of failure during the

lifetime of a bridge. A probabilistic approach is a more

accurate and reliable approach for predicting the strength

limit state. After the initial corrosion process, the rein-

forcement cross-sectional area will decrease with time,

which causes the strength capacity of the concrete structures

to decrease rapidly. This study presents a probabilistic

framework that can be used for forecasting the lifetime

performance of existing reinforced concrete slab bridges

with the deterioration process caused by corrosion damage.

Furthermore, the capacity deterioration process of the bridge

superstructures with corrosion damage under cracked and

uncracked concrete surface conditions is also compared.

This paper comprises five sections. The first section

describes a typical corrosion penetration model for ‘perfect’

and ‘uncracked’ concrete used in many earlier studies. The

second section introduces a corrosion penetration model for

load-induced cracked concrete and the corrosion initiation

time calculation model. The loss of cross-sectional area of

steel is computed for a given corrosion initiation time in the

next section. The fourth section presents probabilistic

models for the strength limit state of a concrete slab bridge

subjected to corrosion. The appropriate limit state functions

for the critical locations under the maximum bending

moment of the slab concrete bridge are introduced in this

section. The fifth section presents an illustrative example of

the lifetime performance and the capacity deterioration

during the service life of a typical three-span slab bridge.

Corrosion penetration model for uncracked
concrete

Classical chloride penetration model

Chloride ions can enter the concrete by ionic diffusion due to

the existing concentration gradient between the exposed sur-

face and the pore solution of the cement matrix (i.e., the dif-

fusion driving force) (Martı́n-Pérez et al. 2000). The classical

diffusion process is often described by Fick’s first law

according towhich, the transfer rate of chloride ions Jc through

a plane perpendicular to the direction of diffusion is propor-

tional to the concentration gradient oCf=ox (Crank 1975):

Jc ¼ �D
oCf

ox
; ð1Þ

Fig. 1 Deterioration process for decrease of the reinforcement bar

diameter

232 Int J Adv Struct Eng (2017) 9:231–245

123

Archive of SID

www.SID.ir

http://www.sid.ir


where Jc is the flux of chloride ions due to diffusion (kg/

m2s); D is the diffusion coefficient (m2/s); and Cf is the free

chloride concentration (kg/m3) at depth x (m). The negative

sign in Eq. (1) indicates that diffusion occurs in the

opposite direction to that of increasing chloride

concentration.

It is assumed that the diffusion coefficient does not

depend on the concentration. The mass balance leads to an

expression of Fick’s second law for non-steady-state dif-

fusion (Stanish et al. 1997):

oCf

ot
¼ � oJc

ox
¼ �D

o2Cf

ox2
: ð2Þ

For the initial condition, where Cf (x[ 0; t ¼ 0) is 0

and boundary condition Cf (x ¼ 0; t[ 0) is a constant, a

standard solution for Eq. (2) can be obtained as follows:

Cfðx; tÞ ¼ Cf
s 1� erf

x
ffiffiffiffiffiffiffiffiffiffi

4Dat
p
� �� �

; ð3Þ

where Cfðx; tÞ is the free chloride concentration (kg/m3) at

depth x at time t; Cf
s is the surface content (kg/m3) of free

chloride; erf is the Gaussian error function,

erf ¼ 2
ffiffi

p
p
R x

0
e�t2dt; and Da is the apparent diffusion coeffi-

cient (m2/s).

The diffusion coefficient is influenced by many factors.

A probabilistic model of chloride-induced corrosion pre-

sented by DuraCrete (2000) was adopted in this study to

predict the corrosion status of RC members. This model

includes uncertainties of the structural parameters, envi-

ronmental conditions, and model parameters. For design

and prediction purposes, it is necessary to split the apparent

chloride diffusion coefficient Da into different measurable

and quantifiable parameters in order to separate these

effects from the material and the environment:

Da ¼ ke � kt � kc � Do; ð4Þ

where ke is an environmental factor; kt represents the

influence of test methods to determine the empirical dif-

fusion coefficient Do; and kc is a parameter that accounts

for the influence of curing.

Based on Eqs. (3) and (4), the final expression of the

partial differential equation is:

Cfðx; tÞ ¼ Cf
s 1� erf

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4ke � kt � kc � Dot
p
� �� �

: ð5Þ

Surface content of free chloride

The surface free chloride content is based on the environ-

mental conditions where the bridge structure is located.

Several environmental exposure classes are given in

European concrete standard EN 206 (2000) and are

summarized in Table 1. The different exposure environ-

ments will have different chloride ion contents in the out-

side environment of the structural components. A large

amount of experimental data for surface chloride concen-

tration due to the application of de-icing salts for individual

bridges or groups of bridges have been published in the

literature, and statistical distributions for the surface con-

tent have also been suggested by Duprat (2007). Mea-

surement of Cf on existing structures has been made in a

number of studies in USA and UK (Hutter and Donnelly

1977; Coggins and French 1990; Funahashi 1990; Roy

et al. 1993; Bamforth 1996; Thoft-Christensen 1997;

Zemajtis 1998; Wallbank 1989; Hoffman and Weyers

1994; Enright 1998; Enright and Frangopol 1998; Kirk-

patrick and Weyers 2002). Table 2 summarizes the surface

concentrations of total (acid-soluble) chloride (kg/m3) for

structures that are presented in the available literature.

Chloride is typically found in concrete both in the free

or uncombined form as well as in a combined form, where

it is bound to cement hydration products through adsorp-

tion or chemical composition in the form of Friedel’s salt.

Although the free chloride is generally believed to be

responsible for the initiation of corrosion, the chloride

threshold value necessary to initiate corrosion of steel bars

in concrete is mostly provided in terms of total chloride and

only occasionally in terms of free chloride due to the dif-

ficulties in evaluating free chloride content in concrete.

However, with the existence of a reasonably accurate

relationship between free and total chlorides, this problem

can be solved. Mohammed and Hamada (2003) proposed

the relationship between water-soluble and acid-soluble

chloride concentrations:

Ct ¼ 1:23Cf ; ð6Þ

where Ct is the total chloride content in concrete; and Cf is

the free chloride content in concrete.

Akgül and Frangopol (2005a, b) suggested 15-year

values to be around 4 kg/m3 as the mean value of the

surface chloride concentration levels for the decks of net-

work of bridges in Colorado in their study. Kirkpatrick and

Weyers (2002) collected field data from 129 concrete

bridge decks built from 1968 to 1972 in Virginia, which

appears to be the most comprehensive to date and location

with a mean of 2.51 kg/m3. Thus, based on the experi-

mental data provided by Kirkpatrick and Weyers (2002)

and Eq. (6), the surface concentration of free (water-sol-

uble) chloride, Cs
f , for concrete structures exposed to de-

icing salts is modeled by a lognormal distribution with the

mean of 2.04 kg/m3 (0.51% by weight of the cement). For

the coefficient of variation of Cs
f , the value reported by

Enright (1998), which corresponds to 0.10, is used in this

study.
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Threshold chloride concentration

The value of the chloride concentration to initiate the

corrosion process is referred to as the critical (threshold)

chloride concentration (Ccr). Substantial amount of data

have been published, discussing and presenting the chlo-

ride threshold levels (Coggins and French 1990; Thoft-

Christensen et al. 1997; Zemajtis 1998; West and Himne

1985; Kayyali and Haque 1995; Hussain et al. 1995;

Manning et al. 1996; de Rincon et al. 2002; Alonso et al.

2000; Oh et al. 2003; ACI 2005; Mohammed and Hamada

2006). Determination of the chloride corrosion threshold

can also be performed in a laboratory as opposed to the

determination of surface chloride concentration, which

normally requires field testing. A summary of chloride

threshold levels published in the literature is shown in

Table 3. The chloride threshold value necessary to initiate

corrosion of steel bars in concrete is mostly provided in

terms of total chlorides or acid-soluble cl� (% by weight of

cement or concrete).

As shown in Table 3, there is wide variation in the

values obtained from different sources. One reason for this

lack of agreement of these values is due to the chloride

threshold being dependent on a large number of factors

such as, cement type, supplementary cementing materials,

C3A content of the cement, concrete mix proportions,

water-to-cement ratio, property of reinforcing steel,

proportion of water to soluble chlorides, age of concrete,

carbonation, curing conditions, temperature, relative

humidity and source of chloride penetration, among others.

Because of the wide scatter of the observed values and also

as a consequence of the lack of consistent statistical data,

the lognormal distribution for the threshold chloride con-

centration was used in this study (Akgül and Frangopol

2005a, b). As an example, due to harsh climate conditions

in Ohio, de-icing salts are used extensively during winter.

A value corresponding to the condition of reinforced con-

crete exposed to chloride in service (0.15% by the weight

of cement) from ACI 318R-05 was used as the mean value

and the coefficient of variation value used by Enright

(1998). The coefficient of variation of the threshold chlo-

ride concentration of 0.15 was adopted.

Diffusion coefficient

The chloride diffusion coefficient (D) of concrete has been

widely studied (Thoft-Christensen et al. 1997; Zemajtis 1998;

Andrade 1993, 1996; Bentz et al. 1996), which depends on a

large number of factors. In general, these factors may be

classified into two major categories: internal factors (e.g.,

cement composition, supplementary cementing materials,

water-to-cement ratio (w=c), the degree of hydration and

aggregate size and grading) and external factors (such as

relative humidity, temperature, and stress states).

Table 1 Different class designation in EN 206 (2000)

Class

designation

Description of

environment

Class

designation

Description of

environment

No risk of corrosion or

attack

X0 Very dry Corrosion induced by

chlorides other than

from sea water

XD1 Moderate humidity

Corrosion induced by

carbonation

XC1 Dry or permanently XD2 Wet, rarely dry

XC2 Wet, rarely dry XD3 Cyclic wet and dry

XC3 Moderate humidity Corrosion induced by

chlorides from sea water

XS1 Exposed to airborne salt

XC4 Cyclic wet and dry XS2 Permanently submerged

XS3 Tidal, splash and spray

zones

Table 2 Surface concentration

of total chloride from structure

(kg/m3)

Researchers Range Mean Coefficient of variation Distribution

Wallbank (1989) 0.25–15 6.5 0.7 Lognormal

Funahashi (1990) 12.99–15.08 14.15 0.08

Coggins and French (1990) 4.94–11.39 7.42 0.4

Thoft-Christensen et al. (1997) 2.13, 2.41, 2.69 (no random information)

Zemajtis (1998) 4.46 0.5 Gamma

Hoffman and Weyers (1994) 1.2–8.2 3.5 0.5 Lognormal

Enright and Frangopol (1998) 2.45–9.8 5.63 0.1 Lognormal

Kirkpatrick et al. (2002) 0.15–5.25 2.51 0.68 Gamma
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Design diffusion coefficients are computed from the total

chloride concentration curve of actual structures, which can

be different from the experimental data obtained from the

laboratory. The actual structures are subjected to non-uni-

formity in boundary chloride ion concentration, so that the

diffusion coefficient in the structures is smaller than the

experimental result with uniform boundary condition. In

Thoft-Christensen et al. (1997), the reference diffusion

coefficient was found to follow a normal distribution, and

the mean and the standard deviation values varied with the

water-to-cement ratio. Maeda et al. (2004) also developed

empirical expressions for chloride diffusion coefficients of

ordinary Portland cement with or without supplementary

cementing materials. The empirical diffusion coefficient Do

(cm2/year) can be calculated by using the following

regression analysis equation (Swatekititham 2001):

Do ¼ 3:15� 107 � 104:5ðw=cÞ
2þ0:14ðw=cÞ�8:47; ð7Þ

where w=c is the water-to-cement ratio. The water-to-ce-

ment ratio is estimated from Bolomey’s formula for

Ordinary Portland Cement (OPC) concretes as given

below:

w=c ¼ 27=ð13:5þ f 0cÞ; ð8Þ

where f
0
c is the concrete compressive strength determined

from standard cylinder tests.

Classical chloride penetration model for cracked
concrete

In reality, reinforced concrete components cannot

remain ‘uncracked’ under service loading. There are

many factors such as shrinkage of concrete, dead load,

service load and so on that may cause surface cracks

during the service life of a bridge. Consider an RC

beam with a rectangular section with flexural cracks

induced by service load (Fig. 2) with wk as the crack

width induced by service load and sr;max as the maxi-

mum crack spacing (Eurocode 2 2004). The diffusion

mechanisms of chloride ingress into the cracked con-

crete can be modeled as follows.

Based on the partition of chloride diffusion through

cracked concrete, as shown in Fig. 3, the diffusion coeffi-

cient of chloride penetration for cracked concrete, Dcc, is

expressed in the literature (Gérard and Marchand 2000;

Djerbi et al. 2008) as:

Dcc ¼
ADa þ AcrDcr

Aþ Acr

; ð9Þ

where A is the area of uncracked concrete at the soffit of

the beam which is exposed to chloride, Dcr is the value of

the chloride diffusion coefficient inside the crack, and Acr is

the area of the crack at the soffit of the beam.

Table 3 Threshold chloride concentration as reported in the literature

Source Conditions Threshold concentration Ccr

% by weight of

cement
kg/m3

West and Hime (1985) Structures in a temperate climate 0.04 1

Kayyali and Haque (1995) cl� added as admixture and considering different strength concretes with

different supplements

0.03–0.18 0.8–4.6

Hussain et al. (1995) Cement with different C3A content 0.022–0.045 0.56–1.16

Coggins and French (1990) De-icing salts for prestressed concrete bridges 0.02–0.04 0.45–0.92

Thoft-Christensen et al.

(1997)

cl� from salty aggregates, salty mixing water, admixtures containing

chloride, seawater and de-icing salts in London, UK

0.064 1.26

Zemajtis (1998) De-icing chemicals and the influence of the coastal region environment for

different concrete types

0.007–0.16 0.18–4.16

Thompson et al. (2000) Test results from 15% NaCl solution 0.11–0.19 2.58–4.50

de Rincon et al. (2002) Ordinary Portland cement (OPC), class C fly ash (FA) and silica fume (SF)

(exposure to air)

0.062 1.6

Alonso et al. (2000) Ordinary Portland cement, fly ash (FA) (w=c ¼ 0:5) 0.06–0.62 1.56–16

Oh et al. (2003) cl� added as admixture 0.01–0.02 0.28–0.52

ACI 318R-05 (2005) Prestressed concrete 0.009 0.24

Reinforced concrete exposed to chloride in service 0.023 0.6

Reinforced concrete that will be dry or protected room moisture in service 0.15 4

All other reinforced constructions 0.05 1.2

Mohammed and Hamada

(2006)

Ordinary Portland cement exposure to air (w=c ¼ 0:5) 0.06–0.12 1.6–3.2
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For common rectangular section RC component, Eq. (9)

may be rewritten as:

Dcc ¼
b � ðsr;max � wkÞDa þ b � wkDcr

b � sr;max

¼ Da þ
wk

sr;max

ðDcr � DaÞ: ð10Þ

Equation (10) is the proposed apparent diffusion coef-

ficient for load-induced cracked concrete, where Da is

given in Eq. (4) and Dcr is obtained using the regression

analysis of experimental data provided by Djerbi et al.

(2008). The value of Dcr is influenced by the crack width,

but if the width is too small (\30 lm) that Dcr will not be

used in calculating the diffusion coefficient of chloride

penetration (Dcc). The empirical expressions are given as

follows:

Dcr ¼ ð0:16wk � 3Þ � 10�10; 30 lm�wk � 100 lm
13� 10�10; wk [ 100 lm

�

:

ð11Þ

According to Eurocode 2 (1992), sr;max and wk are

expressed by the following equations:

sr;max ¼ 3:4dc þ 0:425k1k2
db

qp;eff
; ð12Þ

wk ¼ sr;max

rs � ktl
fctm
qp;eff

ð1þ aeqp;effÞ
Es

; ð13Þ

where dc is the cover depth; k1 is a coefficient that takes

into account the bond properties of the bonded reinforce-

ment (k1 ¼ 0:8 for high bond bars and k1 ¼ 1:6 for bars

with an effectively plain surface); k2 is a coefficient that

takes into account the distribution of strain (k2 ¼ 0:5 for

bending and k2 ¼ 1:0 for pure tension); db is the bar

diameter; qp;eff ¼ As

�

Ac;eff , where Ac;eff is the effective

tension area, i.e., Ac;eff is the area of concrete surrounding

the tension reinforcement of depth hc;eff , where hc;eff is the

smallest of 2:5ðh� dÞ, ðh� xÞ=3, or h=2 (see Fig. 4); rs is
the stress in the tension reinforcement assuming a cracked

section; ktl is the factor dependent on the duration of the

load (kt ¼ 0:6 for short-term loading and kt ¼ 0:4 for long-

term loading); aE is the ratio Es=Ecm; Es is the modulus of

elasticity of steel; Ecm is the secant modulus of elasticity of

concrete; and fctm is mean value of axial tensile strength of

Fig. 2 Illustration of crack

width and crack spacing

Fig. 3 Partition hypothesis of

chloride diffusion through

cracked concrete
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concrete. The details of how fctm and Ecm change with the

concrete strength can be found in Eurocode 2 (1992).

Replacing Da with Dcc in Eq. (5), the free chloride

content at depth x at time t, Cfðx; tÞ, for cracked concrete

can be obtained as:

Cfðx; tÞ ¼ Cs
f 1� erf

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4 � Dcct
p
� �� �

; ð14Þ

where Cfðx; tÞ is the free chloride concentration at depth x

at time t; Cs
f is the surface content of free chloride; and erf

is the Gaussian error function, as used in Eq. (3).

Corrosion initiation time model

It is assumed that the corrosion process of the reinforce-

ment starts when the chloride concentration of free chloride

ions in concrete at the surface of reinforcing bars (x ¼ dc)

reaches the threshold chloride concentration, which means

Cfðx; tÞ reach the value of Ccr. Since there is significant

uncertainty associated with the threshold chloride concen-

tration and the concentration of free chloride ions at the

surface of reinforcing bars, it may be more appropriate to

use a probabilistic approach to predict the time to corrosion

initiation as well as the distribution of the corrosion initi-

ation time. Equation (14) may be rearranged to calculate

the corrosion initiation time when t ¼ Tin:

Tin ¼ Xi

d2c
4Dcc

erf�1 1� Ccr

Cs
f

� ��2
 !" #1=1� n

; ð15Þ

where Xi is a model uncertainty coefficient to account for

the idealization implied by Fick’s second law; dc is the

reinforcement cover depth; and Cs
f and Ccr are the surface

content of free chloride and the critical (threshold) chloride

content.

Corrosion model for reinforcing steel

Linear polarization technique is a non-destructive method

for assessing the instantaneous corrosion current density.

The method has been widely used in monitoring the cor-

rosion of laboratory specimens and field structures (Clear

1992; Hope et al. 1985; Feliu et al. 1988, 1990). Stern and

Geary (1957) showed that for a few millivolts above and

below the corrosion potential, the polarization curve may

be considered to be linear. Corrosion current density, often

referred to as the corrosion rate, is directly proportional to

the instantaneous rate of metal loss. Several devices, based

on the linear polarization method, are presently used to

determine the corrosion current density of steel in concrete.

Once the corrosion of the reinforcing steel begins, the

diameter of steel providing resistance is gradually reduced

through penetration of chloride ions. The time-dependent

corrosion rate developed by Vu and Stewart (2000) is used

to compute the loss of steel cross-sectional area over time.

The corrosion current density at time t is expressed as:

icorrðtÞ ¼ 0:85icorr;oðt � TinÞ�0:29; t� Tin; ð16Þ

where icorr;o denotes the corrosion current density at the

initiation of corrosion propagation:

icorr;o ¼
37:5ð1� w=cÞ�1:64

dc
; ð17Þ

b

Neutral Axis

h

c
d

hc
,e

ff

B

A-level of steel centroid
B-effective tension area

Strain DiagramTypical section

A

1ε

Fig. 4 Definition of the

effective tension area
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where w=c represents the water-to-cement ratio and dc is

the cover depth, which is the distance from the surface of

the steel bar to the surface of the concrete. Note that

according to Eq. (16), the corrosion rate diminishes with

time because corrosion products formed around the bar will

impede the diffusion of the iron ions.

Following Choe et al. (2007), after the corrosion process

initiates, the diameter of the reinforcement is assumed to

decrease over time. The variation of the diameter over time

is expressed as:

dbðtjTinÞ ¼

db0

db0�
1:0508ð1�w=cÞ

dc
ðt�TinÞ0:71

0

8

>

>

<

>

>

:

t�Tin

Tin\t�Tf

t[Tf

;

ð18Þ

where db0 is the diameter of the reinforcement at time

t¼ 0, and Tf is the time when dbðt Tinj Þ, in theory, reaches

zero, that is

Tf ¼ Tin þ dbifd=½1:0508ð1� w=cÞ�1:64�g1=0:71: ð19Þ

Probabilistic analysis for RC bridges

The prediction of the aging of concrete structures subjected

to corrosion of reinforcement is complicated—not only

because the related mechanical and chemical phenomena

Decide input deterministic variables and 
uncertainty variables and their 

distributions 

Using corrosion penetration model for cracked concrete 
Eq. 14 and corrosion initiation time model Eq.15 to get the 

corrosion initiation time distribution  

After the diameter of the reinforcement at time t is 
decided, the flexural capacity of the slab at 

corresponding time can be calculated with Eq. 21-23 

inTt ≤ fin TtT ≤< fTt >

The diameter of the reinforcement will change 
with the time based on the judgment and Eq. 18 

Compare the flexural capacity at time t  with the 
required moment from dead load and live load by Eq. 20

))(1()( 1 tPt f−Φ= −β

Monte Carlo Simulation (MCS) 
to calculate the appearance times 

of 0<slabg
fP  at time t  can be decided 

ttt Δ+=

Make a judgment 

Fig. 5 Flowchart of the

proposed approach

Approach Slab Bridge ASD-42-0656 

40 50 40

Approach 
−max,M−max,M

Fig. 6 The simplified side view and bending moment diagram for a

three span RC slab bridge superstructure
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are complex but also because of their random nature. There

is a high degree of uncertainty associated with the envi-

ronmental parameters, physical properties of materials and

loading.

Reliability analysis includes probabilistic information

from all resistance and loading-related variables influenc-

ing the assessment process (not just point estimates).

Reliability analysis provides a rational criterion for com-

parison of the likely consequences of decisions taken under

uncertainty. Hence, risk-based approaches clearly define

‘safety’ or other performance criteria, and provide a mea-

sure by which safety, cost-effectiveness and other man-

agement considerations can be measured or compared. A

structural deterioration life-cycle reliability (probabilistic)

model is used herein to calculate the probabilities of

structural failure.

Limit state function for the capacity of a slab bridge

For reinforced concrete slab bridges, the slab is typically

designed as a rectangle beam with a unit width. Derivations

of the limit state equation for flexural failure mode of slabs

are presented herein.

In many states in the United States, the continuous slab

bridges are the common type of bridges. For a continuous

slab bridge, the positive moment near the midspan and the

negative moment at the support location should be con-

sidered in design. However, because the concrete surface at

the support location is the area that directly contacts the de-

icing salts, which are the sources of chloride, the top

reinforcement at support location should consider the

serious influence of corrosion damage. The limit state

equation for flexure of a reinforced concrete slab at support

location can be written in terms of negative flexural

capacity of the section M�
n , dead load of structural com-

ponents and nonstructural attachments moment MDC, dead

load of wearing surface and utilities moment MDW, the

moment due to live load from traffic including impact load

moment MTRþIM, and lane load moment MLL, as follows:

gslab ¼ M�
n � ðMDC þMDW þMTRþIM þMLLÞ: ð20Þ

Flexural capacity of the reinforcement in the concrete

slab section is given by:

M�
n ¼ Atop

s fy ds �
a

2

	 


; ð21Þ

where Atop
s is the top reinforcement areas in the section over

the support; fy is the yield strength of reinforcing steel; ds is

distance from extreme compression fiber to the centroid of

non-prestressed tensile reinforcement; a is the corre-

sponding depth of equivalent stress block, which is taken

as:

a ¼ cb1; ð22Þ

c ¼ Atop
s fy

0:85b1f
0
cb

; ð23Þ

where b1 is the stress block factor which can be adopted

from ACI 318R-05 (ACI 2005); b is the unit width of

design strip, which may be taken as 1 foot (or one meter)

during the design process for the slab bridge.

Any structural analysis method can be used to calculate

the positive and negative moment in the span and support

locations in a continuous beam or slab. The Ohio Depart-

ment of Transportation (ODOT) has developed various

Excel files to be used as a standard to design and check the

capacity of three-span continuous slab bridges with dif-

Top surface at support 
Fig. 7 Chloride ion penetration into bridge slab

Table 4 Design details of example bridge

Top flexural reinforcement at support Design concrete grade Design steel grade Design cover depth at top of the support

# 10 bars @ 6.2500 Concrete class HP (4.5 ksi) Grade 60 (60 ksi) 2.5 in (63.5 mm)
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ferent span widths. The design calculations provide the

moment values of MDC, MDW, MTRþIM and MLL. The

AASHTO HL93 load designation consists of a design truck

plus design lane load or a design tandem plus design lane

load, whichever produces the worst case scenario. A design

truck is identical to the AASHTO HS20 load designation

(AASHTO 2012). In view of a probabilistic approach, the

probability of failure of the slab component of a concrete

bridge at time t can be determined by the following

equation:

PðtÞ ¼ P½gslab � 0�
¼ P½M�

n �MDC þMDW þMTRþIM þMLL�: ð24Þ

In this study, the computation of the probability is based

on the use of the Monte Carlo simulation (MCS) technique

(Melchers 1999), which involves sampling at random to

simulate artificially a large number of experiments and to

interpret the result. In practice, there is a need for a more

general definition of reliability that can express the prob-

ability of failure in terms of the coefficients of variation of

various parameters that may or may not be normally dis-

tributed. One option is to express the reliability in terms of

a reliability index, b (b ¼ U�1ð1� PfÞ), which represents

the probability of failure, Pf . The flowchart of the proposed

approach is shown in Fig. 5. The approach for bridge

condition assessment is useful for quantifying the bridge

deterioration during its service-life time based on the

changing value of probability failure and reliability index

with time.

Bond strength failure

The bond strength will decrease sharply with corrosion,

which means at certain corrosion level the corroded rein-

forced concrete slab failure model will not be controlled

only by flexural failure. This model presented in this paper

does not consider the bond degradation or failure during

the corrosion process and experimental work was done by

considering the pull-out effect to eliminate the bond failure

induced by corrosion (Gao et al. 2016a, b). However, that

is not included in the scope of this model.

Table 5 Random variables

Random variable Distribution Mean (l) Standard deviation (r)

dtopc Normal 2.5 in (63.5 mm) 0.005 in (0.13 mm)

f
0
c

Lognormal 4500 psi (31 Mpa) 810 psi (5.6 Mpa)

Ec ¼ 57; 000
ffiffiffiffi

f
0
c

p

(elasticity of the concrete) Lognormal 3824 ksi (2:6� 104 Mpa) 382 ksi (2:6� 103 Mpa)

fctm Lognormal 435 psi (3 Mpa) 56 psi (0.4 Mpa)

Ecm Lognormal 4859 ksi (3:4� 104 Mpa) 486 ksi (3:4� 103 Mpa)

db Lognormal (top) 1.27 in (32 mm) 0.038 in (0.97 mm)

fy Lognormal 60,000 psi (414 Mpa) 6600 psi (45.5 Mpa)

Es Lognormal 30,458 ksi (2:1� 105 Mpa) 1828 ksi (1:3� 104 Mpa)

rs Lognormal 23.2 ksi (160 Mpa) 2.55 ksi (160 Mpa)

MDC Lognormal (top) 61.6 kips ft (84.4 kNm) 15.4 kips ft (21.1 kNm)

MDW Lognormal (top) 12.3 kips ft (16.8 kNm) 3.1 kips ft (4.2 kNm)

MTRþIM Lognormal (top) 31 kips ft (42 kNm) 7.8 kips ft (11 kNm)

MLL Lognormal (top) 12.4 kips ft (17 kNm) 3.1 kips ft (4.2 kNm)

Cs
f (% of the cement) Lognormal 0.71 0.07

Ccr (% of the cement) Lognormal 0.15 0.02

ke Gamma 0.924 0.155

kt Normal 0.832 0.024

n Beta (0–1) 0.23 0.04

Xi Lognormal 1 0.05

Top top location in the support

Table 6 Deterministic variables

Deterministic variable Design value

k1 1.6

k2 0.5

ktl 0.6

kc 1
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Application

The developed methodology is applied to a three-span

continuous concrete slab bridge with a reinforced concrete

substructure that spans State Route 60 in Ashland County,

Ohio. This slab bridge, designated as bridge number ASD-

42-0656 and built in 1955, has three spans of 40–50–40

feet (12.2–15.2–12.2 m). This bridge was rebuilt in 2000

with the slab replaced at that time. The actual slab thick-

ness is 24 in (610 mm) and the unit width was taken as 12

in (305 mm). The simplified bridge side view and bending

moment diagram under uniform loading for a three-span

continuous slab bridge superstructure is shown in Fig. 6.

The damage scenario (i.e., runoff) for chloride ion pene-

tration into the slab over the supports is shown in Fig. 7.

The design details of flexural reinforcement and concrete

cover at the support locations are listed in Table 4.

The statistical and deterministic parameters for structure

and corrosion variables considered in this example are

listed in Tables 5 and 6. Here, all the random variables are

assumed as mutually independent since there is no direct

relationship among them. The top reinforcement at the

critical support locations, as determined using the deter-

ministic design procedures based on ODOT’s standard

practice, for predicting of probability of failure is analyzed.

Firstly, the results of the initial corrosion time with or

without considering the effects of cracking for each critical

location can be calculated and are shown in Fig. 8. Minitab

was used to check the distribution fitting of the results data.

The fitting results are shown in Table 7.

Based on Fig. 8 and Table 7, it can be seen that the

distributions of the corrosion initial time for top rein-

forcement at the supports are more similar to a lognormal

distribution. The results for the two scenarios (with and

without considering the effects of cracking) at the critical

location are shown in Table 8.

In this study, the corrosion initial time is chosen as the

mean value for each critical location. When the corrosion

initial time is reached, the capacity deterioration for the

structure begins. The reinforcement area for each critical

location will decrease with the process of corrosion dam-

age. After a few years, if the corrosion process continues

without interruptions, the flexural capacity of the slab

(bridge superstructure) will become inadequate to resist the

dead load moment and live load moment, which means the

structure will theoretically fail under the service load as

defined in the structural design.

In this study, uncertainties about the structure properties

and chloride penetration model are considered. Thus, the

probability of failure and the reliability index at a certain

time t of the lifetime of the bridge can be predicted with the

Monte Carlo simulation. The typical performance levels,

Fig. 8 The results for the corrosion initial time

Table 7 Minitab fitting results

Concrete condition Location Distribution Anderson–Darling test (AD value) Ryan–Joiner (RJ value)

Cracked concrete Top reinforcement at support Normal fit 407 0.901

Lognormal fit 32.4 0.992

Uncracked concrete Top reinforcement at support Normal fit 572 0.821

Lognormal fit 42.9 0.989

The smaller AD value, the data will be more like normal distribution; the closer to 1 for RJ value, the data will be more like normal distribution
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based on the values found in a US Army Corps of Engi-

neers report (Corps of Engineers 1997), are shown in

Table 9.

Figure 9 shows the results for the reliability index

variation with time for the critical locations at the support.

If the critical reliability index is 2 (the structure condition

Table 8 Results for three critical locations with or without considering the effects of cracks

Location Tin (years) Mean value decrease percentage

Without considering the effect of

cracks

With considering the effect of

cracks

Mean Standard deviation Mean Standard deviation

Top reinforcement at the support 27 18.9 20 12.6 26%

Table 9 Example values for b
and Pf Source: Based on Corps

of Engineers (1997)

Performance level Reliability index, b Probability, Pf ¼ P ðgslab\0Þ

High 5.0 2:871� 10�7

Good 4.0 3:169� 10�5

Above average 3.0 0.00135

Below average 2.5 0.00621

Poor 2.0 0.02275

Unsatisfactory 1.5 0.06681

Hazardous 1.0 0.15866

t (years)

-0.5 

0 

0.5 

1 

β

1.5 

2 

2.5 

3 

3.5 

4 

0 5 10 15 20 25 30 35 40 45 50 

uncracked support 

cracked support 

Fig. 9 Reliability index

variation of the structural

capacity with time

Table 10 Critical time of the critical structural capacity of the slab bridge

Critical locations Critical time (years) Decrease percentage

Without load-induced cracks With load-induced cracks

Top reinforcement at the support 20.5 17.5 15%
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is poor), the critical conditions for the structural capacity of

the slab bridge at support locations can be determined and

are shown in Table 10. As can be observed from this table,

there is nearly a 15% decrease in the critical time when one

considers the effect of the load-induced cracks in the

application example. These results clearly demonstrate that

prediction of the structural capacity critical time without

considering the effect of load-induced cracks on the chlo-

ride ingress into concrete can lead to an overestimation of

structural capacity.

Conclusions

From the present study, the following conclusions can be

drawn:

• The initial corrosion time calculated by random envi-

ronment and structure variables is not a deterministic

value, but a random variable. Based on the statistical

analysis, the initial corrosion time at the top surface

over the supports is more likely to follow a lognormal

distribution.

• Based on the probabilistic analysis for the reinforce-

ment at the top of the support location, the initial

corrosion time will be 26% earlier when considering

a load-induced cracking than the time obtained for

the condition that does not consider a load-induced

crack.

• Probabilistic analysis is used in this paper to estimate

the time-varied reliability index of the structure capac-

ity at critical locations in the slab bridge such as at

support location (negative moment). The reliability

index b ¼ 2 (structure condition is poor) is chosen as

the critical value in this paper. The critical time for the

critical locations of the slab bridge will be reached

around 20 years. Based on the analysis, the results from

the models of ‘uncracked’ concrete underestimate the

critical condition time when compared with the results

from the probabilistic model presented in this paper that

considers the influence of the load-induced cracks. The

critical condition will be reached 15% earlier for the

‘cracked’ concrete condition than for the ‘uncracked’

concrete condition.

• The load-induced cracks will significantly influence the

accuracy of prediction of the capacity variation subject

to reinforcement corrosion damage. This is important

for maintenance agencies to consider when making

decisions regarding bridge repair scheduling, so that

repairs can be completed in time to ensure that the

superstructure of the bridge can be in service during its

service life as originally designed.
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