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Abstract: Throughout their service life, bridges are exposed to various kinds of stressors such as aging, environmental stressors, and 

increasing traffic loads. It may result in the degradation of the structural reliability of the bridges, leading ultimately to structural 

failure. Nowadays, an increasing number of bridges have been aging, and assessing them has become a big social concern. The safety 

of the structures depends on loads and resistances, both of which present several kinds of uncertainties. Therefore, in order to 

estimate structural safety, they should be considered as random variables. This study contributes to the development of a novel 

full-probabilistic safety assessment method for existing reinforced concrete (RC) bridges. In the proposed method, chloride-induced 

corrosion of reinforcement is considered as an important deterioration mechanism for RC bridges, and the resistances of the bridges 

are calculated as random variables. Meanwhile, weigh-in-motion (WIM) data are used to estimate stochastic traffic load models. As 

with most current design codes, axle concentrated loads and uniformly distributed loads are separately estimated. Then, the 

deterioration model and the traffic load model are applied to three-dimensional finite element (FE) analysis. Through the FE analysis, 

the structural reliability of the components of the bridges can be statistically and quantitatively evaluated. As a result of the study, the 

actual condition of the structures is quantitatively reflected to the reliability analysis. 
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1. Introduction 
The highway transportation system has played an 
important role for modern society, and bridges are an 
essential component of it. The structural reliability of the 
bridges degrades over time due to various kinds of factors, 
such as aging, environmental stressors, and increasing 
traffic volumes. Recently, assessing such deteriorating 
bridges has become a big social concern because the 
number of those bridges has increased. 

The reliability of structures depends on loads and 
resistances, both of which present several kinds of 
uncertainties. Therefore, in order to estimate structural 
safety, they should be treated as random variables. 

Chloride-induced corrosion of reinforcing steels is one 
of the most significant deterioration mechanisms for 
reinforced concrete (RC) structures. In the past few 
decades, many experiments to explore chloride-induced 
corrosion mechanisms have been conducted, and several 
models have been developed and applied to some design 
codes such as fib Model Code 2010 (CEB-FIP 2013). 

On the other hand, there have been considerable 
developments in weigh-in-motion (WIM) systems (Jacob 
and O’Brien 2005). It means that more accurate 
measurements of traffic volumes are now available, and it 
can be used to estimate the current traffic loading on the 
existing bridges. 

Although many researchers have focused on the 
development of the prediction models of the current 
condition of the structural resistances and the traffic loads, 
both models are rarely combined. This study contributes 
to the development of a novel full-probabilistic safety 
assessment method for existing RC bridges. In the 
proposed method, chloride-induced corrosion of 
reinforcing steels is considered as the deterioration 
mechanism of RC bridges, and the resistances of the 
bridge components are evaluated as random variable. The 
traffic load models are derived from WIM data. As with 

the load models proposed in the major design codes, such 
as Eurocode 1, double-axle concentrated loads and 
uniformly distributed loads (UDLs) are separately 
modeled. Thereafter, the methodologies to apply the 
proposed method to finite element (FE) analysis, which is 
one of the most useful tools for calculating the structural 
behavior, are presented. Finally, as an illustrative case 
study, stochastic FE analysis is conducted, and the 
structural reliability of a RC deck slab of a box-girder 
bridge is calculated. 

2. Deterioration Model 
In the past decades, several models for chloride-induced 
steel corrosion have been developed and applied to 
certain standards, such as fib Model Code 2010 (CEB-FIP 
2013). In this section, the methodologies to estimate 
corrosion amount of reinforcing steels are briefly 
summarized. 

2.1 Corrosion initiation 
According to fib Model Code 2010 (CEB-FIP 2013), the 
chloride concentration C(x,t) at depth x from the concrete 
surface at time t can be appropriately calculated by Fick's 
second low as: 
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where Cs is the chloride concentration on the concrete 
surface, Dapp is the apparent coefficient of chloride 
diffusion in concrete, and erf(･) is the error function. The 
apparent coefficient of chloride diffusion can be 
expressed as (Cao et al. 2013): 
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where ke is the environmental factor, kt is a parameter that 
considers the influence of test methods, which is assumed 
to be 1.0 in this study, Dc is the chloride migration 
coefficient, t0 is the reference point of time (= 28 days), 
and n is the aging exponent. 

It is assumed that reinforcing steels start corroded 
when the chloride concentration on the steel surface 
reaches the threshold value CT. Therefore, the time to 
corrosion initiation tini is calculated from Eq. (1) and (2) 
as follows: 
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The statistical parameters of each design variable are 
referred from CEB-FIP (2006) and Faber and Straub 
(2006). 

2.2 Corrosion propagation 
After corrosion initiation, corrosion products on the 
surface of reinforcing steels gradually increase at a 
certain rate. The corrosion rate is usually expressed by 
means of the corrosion current density icorr, which can be 
estimated as a time-dependent variable as: 

  )()1()( inicorrcorr ttiti −=  (4) 

where icorr(1) is the initial corrosion current density, and 
 and  are the constant coefficients. In general, 
corrosion rate may be effected by concrete quality and 
concrete cover depth. Therefore, in this study, the 
corrosion current density is expressed by means of w/c 
rate and concrete cover depth, d, as follows (Vu and 
Stewart 2000): 
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If the corrosion rate is assumed to be constant with 
time,  and  should be equal to 1.0 and 0.0, respectively. 
On the other hand, if it is assumed that the corrosion rate 
can be changed with time, it becomes a time-dependent 
variable. In Vu and Stewart (2000), it is suggested that 
the formation of rust products on the steel surface will 
reduce the diffusion of the iron ions away from the steel 
surface, and as a result, the corrosion rate will also 
reduce with time. In this study, it is assumed that  
equals to 0.85 and  equals to -0.29. The estimated 
corrosion current density can be directly related to the 
loss of reinforcing steels by Faraday's law, that is, 1 
A/cm2 corresponds to 0.0116 mm/year. 

3. Traffic Load Model 
WIM data collected on two highway bridges as detailed 
in Table 1 are used to generate stochastic load models. 
Before analysing the data, the raw data are cleaned and 
filtered in order to remove some unreasonable data. Even 
though the original data are filtered, more than 98% 
remained in each data set. The gross vehicle weight 
(GVW) histograms of the filtered data are depicted in Fig. 
1. Both of them show multi-modal properties, lower peak 

Table 1. Summary of WIM data. 

 WIM-B1 WIM-B2 

Number of lanes 2 2 

Number of directions 2 2 

Total trucks 121,797 133,543 

Max. GVW (t) 73.6 115.0 

Max. number of axles 10 11 
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Figure 1. GVW histograms of filtered data. 

of which (around 15 t) corresponds to empty trucks, 
while higher peak of which (around 35 t) corresponds to 
fully-loaded trucks. In addition, the data from WIM-B1 
consist of more fully-loaded trucks comparing with those 
from WIM-B2. 

For consistency with the major design codes, such as 
Eurocode 1, double-axle concentrated loads and UDLs 
are modeled using the WIM data. In the following 
sections, the methodologies to estimate each load are 
discussed. Since WIM data used in this study were 
obtained from 2-lane bidirectional (1 lane in each 
direction) highway bridges, traffic load models for more 
than a single lane in each direction cannot be established. 
Therefore, only one lane in each direction is considered 
hereafter. 

3.1 Double-axle concentrated load 
Double-axle concentrated loads are calculated for a 
50m-long single-span bridge. Sagging moment at the 
mid-span is calculated as load effects. Maximum load 
effects resulting from the individual vehicles recorded in 
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WIM data are calculated using the influence line. The 
flow for calculating the maximum load effects by a 
vehicle is as follows: 
 
1. place the first axle of a vehicle on an edge of the 

bridge; 
2. calculate the load effects by each axle weight and 

store the sum of them as the maximum value; 
3. move the vehicle forward (dx = 0.1 m) and calculate 

the total load effects; 
4. if the current total load effect is greater than the 

maximum value, update the maximum load effect; 
and 

5. repeat step 3 and 4 until the last axle of the vehicle 
reaches to the opposite edge of the bridge. 
 
By repeating these steps for all vehicles, the 

maximum load effects resulting from the individual 
vehicles are obtained. 

In fact, the load effects are affected by axle 
configurations such as the number of axles, axle spacing 
lengths, and axle weights. Considering an application to 
stochastic FE analysis, however, the configurations of 
axle loads should be fixed, otherwise, the mesh of the FE 
model has to be changed according to the axle 
configurations in every calculation run. Therefore, in this 
study, the configurations of concentrated loads are set in 
the same way as the Eurocode 1 (see Fig. 2). 

The sagging moment at the midspan Mmid by 
double-axle with the axle spacing length of 1.2 m is 
calculated by: 
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where L is the span length and P is an axle load. 
Substituting the maximum load effects by the individual 
vehicles into Eq. (6), double-axle concentrated loads can 
be obtained. The histogram of the axle loads derived 
from WIM data is shown in Fig. 3. It can be seen that the 
axle loads have bi-modal distribution as with GVW. 

In order to estimate stochastic models of the obtained 
axle loads, maximum likelihood estimation (MLE) 
method is used. In this case, bi-modal log-normal 
distribution, the probability density function of which is 
expressed as Eq. (7), is applied. The estimated stochastic 
model is also shown in Fig. 3 with the solid line, and the 
estimated parameters are shown in Table 3. 

Longitudinal direction

2.0 m

1.2 m
 

Figure 2. Configurations of double-axle loads. 
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Figure 3. Histogram of axle load and estimated stochastic 

model (WIM-B1). 

Table 2. Estimated model parameters for axle loads. 

 w  1  2 

 - kN kN kN kN 

WIM-B1 0.56 4.16 0.199 5.00 0.032 

WIM-B2 0.79 4.22 0.257 4.98 0.028 
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3.2 Uniformly distributed load 
For long span bridges, congested situation is the most 
critical, and the load distribution is close to be uniform 
(Nowak et al. 2010). In this study, UDL is calculated for 
only congested situation. 

UDL is calculated from "virtual motorcades" derived 
from the statistical models of WIM data such as the 
proportion of vehicles, GVW and wheelbase (the sum of 
the axle spacing lengths). The flow for calculating UDL 
is as follows (also see Fig. 4): 

 
1. divide all vehicles recorded in WIM data into several 

groups according to the number of axles, and 
calculate the composition rate of the groups; 

2. estimate statistical models of GVW and wheelbase of 
each group; 

3. select a vehicle by the composition rate, and assign 
the values of GVW and wheelbase with the estimated 
statistical models; 

4. add vehicles with a certain clearance distance 
between the last axle of the previous vehicle and the 
first axle of the following vehicle until the total 
length of motorcade exceeds the span length of the 
bridge; and 

5. divide the total weight of all vehicles in the 
motorcade by the span length to obtain the average 
UDL. 
 
By repeating these steps, sufficient numbers of UDL 

samples are obtained, and the stochastic model of it can 
be estimated with MLE method. 
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Figure 4. Image of “virtual motorcade”. 
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Figure 5. Histogram of UDL and estimated stochastic model 

(WIM-B1). 

Table 3. Estimated model parameters for UDL. 

 Mean Standard deviation COV 

 kN/m kN/m - 

WIM-B1 14.86 3.40 0.23 

WIM-B2 12.72 3.34 0.26 

 
As a result of MLE method, uni-modal normal 

distribution is applied to UDL. The histogram of UDL 
derived from WIM-B1 is shown in Fig. 5 with the 
estimated stochastic model (the solid line), and the 
estimated parameters are shown in Table 3. 

4. FE Modelling for Corroded RC Structures 
In order to apply the presented corrosion model to the 
assessment of RC bridges, three-dimensional FE model 
for corroded RC structures is proposed in this section. In 
this study, concrete and reinforcing steels are separately 
modeled in FE analysis. The concrete is modelled by 
three-dimensional solid element, while the reinforcing 
steels are modeled by two-node beam element. Moreover, 
the bond relation between concrete and reinforcing steels 
is represented by spring elements in the longitudinal 
direction of the reinforcing steels. The constitutive 
models for each material consider nonlinear behavior 
illustrated in Fig. 6. 

As the corrosion mechanisms, the following effects 
by steel corrosion are considered in this study: 

 
1. the cross-sectional reduction in reinforcing steels; 
2. the reduction of the yield strength of reinforcing 

steels; 
3. the reduction in concrete compressive strength; and 
4. the reduction in the bond strength between concrete 

and reinforcing steels. 
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Figure 6. Constitutive relations. 

4.1 Reinforcing steel 
Uniform corrosion is considered and is modeled by 
reducing cross-sectional area and the yield strength of 
reinforcing steels. The remaining cross-sectional area of 
corroded reinforcing steels can be calculated by 
multiplying the corrosion rate , which is estimated from 
the mass loss of the corroded steels, and the initial 
cross-sectional area of uncorroded steels A0 as follows: 
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The reduced yield strength of reinforcing steels is 
generally expressed as follows: 

 ( ) sysyressy ff −= 1,  (9) 

where fsy,res and fsy are the reduced and the initial yield 
strength of reinforcing steels, respectively, and sy is the 
empirical coefficient. The coefficient has been obtained 
from several experimental results, and it is assumed to be 
0.5 (Du et al. 2005) 

4.2 Concrete 
The concrete cover will be cracked by the expansion of 
corrosion products. The effect of cover cracking is taken 
into account by reducing the concrete compressive 
strength of the concrete cover. The reduced compressive 
strength is calculated as (Coronelli and Gambarova 
2004): 
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where fck,res and fck are the reduced and the initial 
compressive strength of cover concrete, respectively, K is 
the coefficient related to the roughness and diameter of 
reinforcing steels (for medium-diameter ribbed bars, K = 
0.1), ec0 is the compressive strain at peak compressive 
stress, and e1 is the average tensile strain in the cracked 
concrete. The average tensile strain e1 is evaluated as 
(Coronelli and Gambarova 2004): 

 01 bwn crbars=e  (11) 

where nbars is the number of compressive reinforcing 
steels in the section width b0, and wcr is the total crack 
width, which can be expressed as wcr = 2x (Molina et al. 
1993). 

The corrosion pattern of concrete cover depends on 
the arrangement of reinforcing steels. Therefore, in this 
study, the residual model of concrete compressive 
strength is applied only to the concrete cover surrounding 
reinforcing steels as shown in Fig. 7. 
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Figure 7. Concrete strength reduction area. 

4.3 Bond relation 
In this study, the local bond stress-slip relation model 
proposed in CEB-FIP (2013), as shown in Fig. 8, is 
adopted for uncorroded structures. 

The bond stress-slip relation of corroded RC 
structures is complex and difficult to formulate. A wide 
range of experiments related to bond strength 
degradation have been conducted, and the following 
equation is proposed based on such experimental results 
in Bhargava et al. (2008): 

 ( ) ( )ss bb 0 =  (12) 

where b(s) is the bond stress between corroded 
reinforcing steels and concrete, b0(s) is the bond stress 
between uncorroded reinforcing steels and concrete 
presented above, and  is the ratio of the bond strength at 
a certain corrosion rate to the initial (uncorroded) bond 
strength, as follows: 
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5. Illustrative Case Study 

5.1 Model settings 
As an illustrative case study, a box-girder bridge, which 
has a cross-section as shown in Fig. 9, is considered.   
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Figure 8. Local bond stress-slip relation. 
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Figure 9 Cross-section of box-girder bridge. 
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Figure 10. FE model. 

Considering symmetry, only half of the cross-section is 
considered. It is reinforced, and the reinforcing steels are 
considered corroded due to chloride-ion ingress. The 
initial values of the compressive strength of concrete and 
the yield strength of reinforcing steels are assumed as 40 
N/mm2 and 345 N/mm2, respectively. 

The FE model is shown in Fig. 10. It has 44,561 
nodes and 43,530 elements in total. Considering 
symmetry of the load configurations, only one axle load 
is applied to the FE model. The structural reliability of 
the deck slab is calculated at the joint of the deck and the 
web (see Fig. 10). The ultimate limit state for flexural 
strength is assumed to calculate the failure probability as: 

 MMg u −=   (14) 
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where Mu is the ultimate capacity of the target structural 
section, M is the bending moment obtained from the FE 
analysis, and  is a safety factor. To simplify, it is 
assumed that only the core (uncorroded) concrete and 
reinforcing steels are considered in the calculation of 
bending resistance, that is, the corroded concrete cover 
does not contribute to flexural strength. 1,000 simulation 
runs are conducted, and the probability of failure at the 
focused cross-section is calculated with Monte-Carlo 
method. 

5.2 Reliability of RC deck slab 
From the results of FE analysis, the stochastic 
distribution of the bending moment in the focused 
cross-section is obtained as shown in Fig. 11. It shows 
that the distributions obtained from WIM data show 
bi-modality, which is affected by axle load models. 

For each load model, the probability of failure after 
50 years of construction is calculated as shown in Table 4. 
Considering the structural safety, even the probabilities 
obtained from the proposed load models are relatively 
high and some maintenance actions have to be done in 
the early stage. However, the point is that the actual 
conditions of resistances and loads are reflected to the 
reliability analysis, and the structural safety can be 
quantitatively evaluated in terms of the probability of 
failure. In other words, using the proposed load models, 
the bridges under the different conditions can be 
quantitatively compared, and less conservative judgment 
for maintenance can be made. 

6. Conclusions 
This paper presented a full-probabilistic safety 
assessment method of existing bridges, and it was 
applied to FE analysis, which is one of the useful tools 
for calculating the structural behavior of RC structures. 
As the deterioration mechanism of RC structures, 
chloride-induced corrosion of reinforcing steels was 
considered, and the resistances of the bridge components 
were calculated as random variables. Meanwhile, WIM 
data were used to estimate stochastic traffic load models. 
As with the load models proposed in the major design 
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Figure 11. Bending moment. 

Table 4. Probability of failure after 50 yrs. 

 Mean Standard deviation COV 

WIM-B1 0.012 0.0049 0.408 

WIM-B2 0.014 0.0053 0.379 

codes, such as Eurocode 1, double-axle concentrated 
loads and uniformly distributed load were modeled using 
site-specific WIM data. Then, both models for predicting 
structural resistances and the traffic loads were applied to 
FE analysis to evaluate the structural reliability of the 
bridges. 

As a result of this study, it was found that the 
structural reliability of existing bridges could be 
quantitatively evaluated in terms of the probability of 
failure. The proposed models can reflect the actual 
condition of existing bridges. Therefore, it allows to 
make more realistic decisions in maintenance process, 
leading to saving resources, such as time, budgets, and 
materials. 
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