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Abstract
Environmental factors have an impact on the efficiency, serviceability, and stability of reinforced concrete (RC) structures. 
Chloride-induced corrosion has now been recognized as a major cause in the degradation of RC structures service life. This 
paper introduces a model for conducting time-variant reliability analysis of corrosion-affected bridges in India’s coastal 
region. The current study presents a multi-hazard approach for assessing the time-dependent reliability of RC bridges, taking 
into account chloride-induced corrosion hazard, time-dependent non-stationarities in load and strength, and climate change 
related to seasonal variation. The research was carried out using an advanced corrosion rate model that captured nonlinear 
behaviour, necessitating pitting corrosion as a realistic corrosion degradation process rather than uniform corrosion. Until 
now, most studies on corrosion deterioration of RC bridges assumed a static or time-varying degradation process that was 
unaffected by in situ climate conditions. The impact of climatic conditions, notably temperature and relative humidity, on the 
corrosion degrading process was underlined in this study. The framework demonstrates that anticipated changes in climatic 
factors are likely to exacerbate the failure probability of corrosion-affected bridge structures when applied to a conventional 
T-girder bridge (named Sardar Bridge) in Surat district of Gujarat (India). The findings emphasize the need of taking envi-
ronmental parameters like temperature and relative humidity into account when analysing the reliability of RC bridges that 
have been subjected to chloride-induced deterioration.
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Introduction

The operational safety along with serviceability of rein-
forced concrete structures during their service life depends 
on several external as well as internal factors. External 
factors include the operational as well as environmen-
tal considerations. The deterioration of structures due to 
dead loads, live loads and other loads is called operational 
degradation, whereas the environmental degradation is 
caused by the conditions of the surrounding environment 
the structure is subjected to, such as the temperature, rela-
tive humidity, chloride concentration, and carbonation. The 
operational and environmental factors together have an effect 
on the deterioration of reinforced concrete structure. The 
reinforced concrete structures are prone to corrosion when 

exposed to environments containing high chloride concen-
tration [10, 26]. The chloride-induced corrosion is one of the 
main driving mechanisms of deterioration of RC structures. 
Previous literatures [14, 35] on corrosion modelling have 
developed reliability models by taking into consideration 
the time-variant parameters of chloride-induced corrosion 
mechanism, and some research [36, 27] has considered both 
spatial and temporal variables for reliability analysis. On 
the other hand, [3] conducted reliability analysis with cou-
pled effect of corrosion with fatigue or with biodeteriora-
tion [2]. Also, multiple studies [1, 30] have been conducted 
to find out the influence of environmental parameters on 
the corrosion process. In spite of that, studies on reliability 
that focusses on the impact of environmental and climatic 
factors like temperature and relative humidity on the cor-
rosion process are rare. Numerous work [6, 9, 17] done on 
chloride-induced corrosion mechanism have overlooked 
the in  situ temperature and relative humidity condition 
which may vary from the reference laboratory condition in 
determining the corrosion rate. Because chloride-induced 
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corrosion is treated as an electrochemical thermodynamic 
mechanism, corrosion rate is influenced by temperature [21, 
22] and humidity [23] that might undergo changes due to 
seasonal changes. A study conducted by [37, 40] revealed 
that on rise in temperature by 2 °C results in 15% increase 
in chloride corrosion rate. Bastidas-Arteaga et al., (2013) 
developed a probabilistic approach to determine the lifetime 
of structure subjected to chloride ingress taking into consid-
eration the effect of climate change due to global warming 
which revealed around one third reduction in service life 
due to elevated temperature. The findings of [31] indicate 
that a changing climate could increase the level of damage 
to reinforced concrete infrastructure by up to 6%. [40] dis-
covered that the spatiotemporal impact of a changing climate 
would increase current estimates of carbonation-induced 
damages by over 16% in Australia 29. [11] found that vari-
ation of temperature and relative humidity over a 100-year 
period were found to be liable for a reduction in service life 
from 7.8 to 10.2 years. Similarly, several researchers have 
highlighted on the importance of considering the influence 
of temperature change due to climate change on corrosion 
rate [4, 5, 8, 19, 31, 39–41]. Despite this, there is minimal 
work available that have been attentive in incorporating the 
in situ temporal and spatial variation of climatic factors like 
temperature and relative humidity across the world into reli-
ability assessment framework.

In this paper, the choice of the Indian coastal region as 
a research area makes a fresh addition to the broad domain 
of reliability assessment of corrosion-affected bridges. As 
India shares a 7500-km-long coastline with the Arabian Sea, 
Indian Ocean, and Bay of Bengal, the study area is relevant 
because of the region’s high chloride-laden environment. 
In previous work by the author [6], the salinity of the water 
around the Indian subcontinent was researched and mapped 
as shown in Fig. 1 to provide a basic concept of the quantity 
of chloride to be encountered in case of marine structures.

Due to the high concentration of chloride in Indian 
coastal region, the reliability of a conventional T-girder 
bridge (named Sardar Bridge) in Surat district of Gujarat 
(India) was examined in this study. Bridges are a critical 
component of a nation’s infrastructure [7]. Gujrat, a coastal 
region in India, has a high concentration of chloride. As a 
result, the RC bridge structures in this region, which serves 
as a vital transportation corridor, are irreparably harmed 
by reinforcement corrosion. The malfunctioning of such 
bridges impedes the socioeconomic development of that 
area by hindering significant traffic flow/volume. The aver-
age traffic volume on Gujarat’s bridges is 13,000 passenger 
car units (PCU) per hour, which might be called heavy traf-
fic condition [13]. Keeping that in mind, the authors [13] 
undertook a study by taking into account the vast volume of 
live load encountered by an RC bridge over its lifetime and 
also considering the time-dependent arbitrary character of 

Fig. 1  Salinity of Seas sur-
rounding India [6]
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both structural loads and strength. The study also took into 
account several environmental factors such as alkali–silica 
reaction, corrosion, sulphate assault, and freeze-thaw. The 
research was effective in projecting the lifetime of degrading 
RC bridges, as well as determining the best time for condi-
tion monitoring and developing maintenance measures to 
ensure the bridges continuing service life. This study, on 
the other hand, attempts to fulfil the research gap in previ-
ous work by proposing a multi-hazard reliability assessment 
framework for highway RC bridges that takes into account 
the influence of structural loads, structural deterioration due 
to chloride-induced corrosion, and the effect of climatic fac-
tors such as temperature and relative humidity. This research 
looks into the effects of changes in temperature, relative 
humidity, and chloride concentration on the corrosion dete-
rioration process over the course of a lifetime. The current 
work is an extended version of the authors’ previous work 
[13], as the model for determining the failure probability of 
structures under chloride attack is diversified to explicitly 
incorporate the implications of probable seasonal changes in 
temperature and relative humidity of a region. The complex 
interplay of these two key variables (Temperature and Rela-
tive Humidity) as a measure of seasonal change are investi-
gated for four different seasons: 1. Winter (December–Feb) 
2. Summer (March–May) 3. Monsoon (June–September) 4. 
Post-Monsoon (October–November).

Another novelty aspect of this research is the use of an 
advanced corrosion rate model to estimate structural reli-
ability, which is a better version of the traditional corro-
sion rate models offered by several country codes such as 
Duracrete and CECS. One of the authors established this 
model in a recent study on fragility [12]. The most signifi-
cant advancement in the advanced corrosion rate model is 
that it replaces the rapid or abrupt increase in corrosion rate 
at the commencement of early concrete cracks with a steady 
propagation phase, so as to capture the nonlinearity (increas-
ing trend in intermediate phase and thereafter decreasing) 
after the initial cracking of the concrete. Current available 
literature examining the effect of chloride-induced corrosion 
on the reliability of deteriorating highway bridges use solely 
a linear corrosion rate model, overlooking the nonlinear pat-
tern that occurs during the entire period. Because nonlinear-
ity in corrosion propagation has a stronger harmful effect 
than linear corrosion propagation, under actual field condi-
tions, such oversimplified assumptions may contribute to an 
underestimation of the reliability of bridges. Unlike previous 
research, which assumed that reinforcement degradation due 
to chloride ingress was uniform, the results derived from 
using the advanced corrosion model provide a more realistic 
and intriguing picture of the actual deterioration process as 
per basic corrosion mechanism.

Variation of climatic conditions in India 
with seasons

The climatic condition of India encompasses an extensive 
range of weather conditions owing to its huge geographi-
cal extent and diverse topography. The climate of India can 
be generally defined as tropical monsoon type. The Indian 
Meteorological Department (IMD) has classified Indian 
climate into four seasons: 1. Winter (December–Feb) 2. 
Summer (March–May) 3. Monsoon (June–September) 4. 
Post-Monsoon (October–November). Due to the vast size 
of India, the climatic pattern is also significantly affected. 
For instance, the regions in the proximity of sea experience 
marine climate, while the regions far from sea experience a 
continental-type climate. The areas to the south of tropic of 
cancer exhibit tropical climate, while the areas to the north 
of tropic of cancer experiences warm temperate climate. 
Therefore, there occurs both spatial and temporal varia-
tion of climatic factors. This calls for a need to study the 
variation of temperature and relative humidity across India 
with respect to location and time. Due to the vastness of the 
country, the temperature differs from region to region. A 
time series data of average values of minimum, maximum, 
and average temperature across India over 40 years span are 
shown in Fig. 2a. The trend shows the variability of tem-
perature with respect to time and also the gap between aver-
age maximum and average minimum temperature in a year. 
Similarly, Fig. 2b shows the time-series variation of average 
relative humidity across India in past 40 years. Therefore, it 
is necessary to incorporate the timely variation of tempera-
ture and relative humidity of a region in reliability analysis. 
Figure 3 exhibits the spatial variation of temperature and 
relative humidity across India in summer and winter season. 
From the figure it is clearly evident that the temperature and 
humidity of a place varies with change of seasons. Hence, 
the seasonal variation of temperature and relative humidity 
of a region will also exert a major influence on chloride-
induced corrosion mechanism and should be properly looked 
into.

This article is structured as follows. The next segment 
explores the role of temperature and relative humidity on the 
corrosion process caused by chloride. The effect of changes 
in climatic factors such as temperature and relative humidity 
on the governing equations that predict corrosion initiation 
time and rate is addressed. A new modified equation for 
corrosion initiation time is put forward. The mathematical 
modelling of an RC bridge affected by chloride ingress by 
taking in consideration of in situ climatic conditions is the 
subject of the next section. This paper presents representa-
tive T-girder RC bridge (Sardar Bridge) located in Gujarat 
as the case-study structure type to explore the impact of 
chloride exposure conditions and seasonal climate variation 
along with time-variant and independent live load models on 
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Fig. 2  a Average annual, maxi-
mum and minimum temperature 
of India (1979–2019) [NOAA]. 
b Average annual relative 
humidity of India (1979–2019) 
[NOAA]
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Fig. 3  Temperature and humidity variation throughout India [NOAA]
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the reliability of the structure. The paper ends with conclu-
sions and recommendations for future work.

Chloride‑induced corrosion considering 
temperature and relative humidity variation

Chloride-induced corrosion of RC structure remains one of 
the most prominent reasons of structural deterioration of 
RC bridges. Corrosion is primarily caused due to ingress of 
chloride when structures are subjected to a chloride-contam-
inated environment in combination with insufficient concrete 
cover and inferior quality of concrete. Deterioration of con-
crete structures due to corrosion consists to two stages. First 
is the corrosion initiation stage, i.e. time till commencement 
of corrosion in reinforcement and secondly propagation 
stage. The subsequent topics of discussion briefly present 
the basic models that have widely been used in research to 
model the chloride-induced degradation together with vari-
ations in model parameters to demonstrate the effect of tem-
perature and relative humidity in chloride-induced corrosion 
mechanism.

Corrosion initiation time

The corrosion initiation time corresponds to the time 
required for chloride ions to diffuse into concrete through 
concrete cover and activate corrosion in the steel concrete 
interface. Corrosion initiates when the concentration of chlo-
ride exceeds a critical value or threshold value of chloride 
concentration at reinforcement surface. Several research-
ers have put forwarded and implemented existing models 
to calculate initiation time of chloride-induced corrosion. 
One such widely used model is recommended by [15] which 
is used by the authors in their previous work to calculate 
corrosion initiation time for structure subjected to marine 
environment [6].

where tini = corrosion initiation time (ti) (years), Cv = con-
crete cover (mm), D0 = Diffusion coefficient at time t0 
 (mm2/s), t0 = reference period (28 days), Cs = surface chlo-
ride content (kg/m3 or % of binder) = Ac(w/c), Ccr = criti-
cal or threshold chloride content (kg/m3 or % of binder), 
ne = environmental factor, nt = test factor for empirical dif-
fusion coefficient determination, nc = factor for curing time 
correction, r = ageing factor, X1 = model uncertainty to 
account for variation in input parameters and idealization 
implied by Fick’s second law. All the parameters used in 
Eq. (1) are summarized in Table 1.

(1)tini = X1

[
C2
v

4nentncD0(t0)
r

[
erf−1

(
1 −

Ccr

Cs

)]−2] 1

(1−r)

While the aforementioned equation has been successfully 
implemented by researchers to calculate the corrosion ini-
tiation for RC bridge structures subjected to marine envi-
ronment throughout various locations, the effect of climatic 
factors like temperature and humidity of the location on the 
corrosion process is not considered. Duracrete model adopts 
as 20 °C and 75% as reference values of temperature and 
relative humidity, respectively. Therefore, any deviation 
from reference values would either lead to underestimation 
or overestimation of corrosion initiation time in locations 
where there is a variation of in situ temperature and relative 
humidity form their reference values. To address this prob-
lem, the influence of temperature and relative humidity must 
be included to model the chloride-induced corrosion pro-
cess. In this context, the mathematical model implemented 
by El-Hassan et al. [19] and Martin-Perez et al. [28] facili-
tates in assessment of coefficient of diffusion for chloride 
ingress at a certain temperature and relative humidity level 
as follows:

w h e r e  r e fe r e n c e  d i f f u s i o n  c o e f f i c i e n t  i s 
D0,ref = 10(−12.06+2.4w∕c)(m2∕s) [6, 38].

F1(T) and F2(RH) = adjustment functions for temperature 
and humidity, given by

(2)D0(T , RH) = D0,ref × F1(T) × F2(RH)

F1(T) = e

[
U

R

(
1

Tref
−

1

273+T

)]

F2(RH) = e

[
1+

(1−RH)4

(1−RHref)
4

]−1

Table 1  Variables used to predict the corrosion initiation time [6]

Parameter Condition Units Distribution Mean Variance

ne All
submerged/

tidal/
splash/
atmos-
pheric

– Normal 1 0.09

nt All – Normal 0.85 0.09
nc All – Normal 0.8 0.01
r All – Normal 0.25 0.05
Ac Submerged

Tidal
Splash
Atmospheric 

(0 km 
from sea-
shore)

– Normal
Normal
Normal
Normal

10.35
7.74
7.74
6.44

0.50
0.80
0.80
0.78

X1 All – Lognormal 1 0.006
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where U = activation energy of chloride diffusion process 
(kJ/mol), R = gas constant (8.314 J   mol−1   K−1), Tref and 
 RHref = Reference values, 293 K or (20 °C) for temperature 
and (75%) for relative humidity, T(°C) = in situ temperature, 
and RH = in situ value of relative humidity.

Time-dependent variation of diffusion coefficient is 
obtained as: [29].

where D(t) = diffusion time at time t, tref = 28 days and 
m = decay constant or age factor = 0.37 [6].

On implementation of the impact of on field temperature 
and relative humidity, the modified corrosion initiation equa-
tion is shown as follows:

To illustrate the influence of temperature and relative 
humidity on diffusion coefficient, let us consider an example 
from previous work. The concrete is assumed to be prepared 
of OPC with a water cement ratio of 0.4 [6]. The reference 

(3)D(t) = D0(T , RH) ×
( tref

t

)m

(4)

tini = X1

[
C2
v

4nentncD0(T , RH)(t0)
r

[
erf −1

(
1 −

Ccr

Cs

)]−2] 1

(1−r)

diffusion coefficient D0,ref is adopted from previous work 
[6]. To demonstrate the influence of temperature and rela-
tive humidity on diffusion coefficient, three different tem-
peratures and relative humidity levels are considered. Both 
the parameter values have been considered by keeping in 
mind the temperature and relative humidity condition across 
the year in National capital city Delhi. Figure 4a, b shows 
the annual variation of temperature and relative humidity 
in Delhi. Three temperatures and relative humidity values 
are adopted to capture the variation throughout different 
time of year, i.e. Tmin = 10 °C; Tavg = 33 °C; Tmax = 45 °C; 
 RHmin = 35%;  RHavg = 50%;  RHmax = 80%.
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Fig. 4  Month-wise variation of (a) temperature and (b) relative 
humidity of Delhi https:// en. clima te- data. org/

Fig. 5  Diffusion coefficient progression with time considering 
 RHref = 75%

Fig. 6  Diffusion coefficient progression with time considering 
Tref = 20 °C

https://en.climate-data.org/
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Figure 5 shows the change of diffusion coefficient over 
time for different temperatures while considering the relative 
humidity constant as 75% for each case. It is observed that 
with the rise of temperature, the diffusion coefficient values 
are higher. But from Fig. 6, an opposite trend is observed, 
i.e. the diffusion coefficient values are lower for higher value 
of relative humidity. Therefore, it can be inferred that the 
diffusion coefficient is directly proportional to temperature 
and inversely proportional to relative humidity. Therefore, 
both temperature and humidity together will play a critical 
role in determining the corrosion initiation time.

Similar observations are also made from Figs. 7 and 8 
for chloride ingress profile after 5 years while considering 

surface chloride concentration as Cs = 4.14% (by mass of 
binder) [6].

Dependence of corrosion rate on temperature 
and humidity

After initiation of corrosion, the propagation stage follows, 
which leads to loss of cross-sectional area of reinforcement 
due to accumulation of corrosion products along with other 
effects like cracking and spalling of concrete cover. The 
propagation stage is the time needed for corrosion to propa-
gate to such a degree that the load carrying capability of the 
structural member becomes inadequate. While the preceding 
section showcased the importance of including the in situ 
temperature and relative humidity to determine corrosion 
initiation time, in this segment, emphasis is given on the 
effect of temperature and relative humidity on the propaga-
tion stage. The rate at which corrosion propagates resulting 
in loss of cross-sectional area of rebar is calculated with the 
help of corrosion current density (icorr). Based on previous 
literature on corrosion rate measurement, Vu and Stewart 
[35] proposed a model for calculation of corrosion current 
density (icorr) considering a constant reference temperature 
and relative humidity level of 20 °C and 75%, respectively. 
The corrosion current density is influenced by the avail-
ability of water and oxygen at the surface of steel, and can 
therefore be modelled as a function of water cement ratio 
(w/c) and cover thickness Cv. The corrosion current density 
can be expressed as [35]:

Significant research has described corrosion rate as a 
time-dependent variable which decreases throughout the life 
of the structure. The decrease in corrosion rate over time 
can be justified by the fact that as corrosion progresses, the 
corrosion products accumulate in the reinforcement surface 
which makes oxygen and moisture harder to reach the steel 
surface [15, 18, 24].

To calculate the time-varying corrosion rate, Liu and 
Weyers [24] and Vu and Stewart [35] proposed an empirical 
equation based on numerous experimental data as:

Even though this equation has been widely used to cal-
culate reliability of RC structures subjected to chloride-
induced corrosion, [16, 32–34] the effects of temperature 
and humidity variation is ignored.

In this work, an advanced corrosion rate model is utilized 
to calculate the reliability of RC bridges instead of the tra-
ditional corrosion rate model. The advanced corrosion rate 

(5)icorr,0 =
37.8(1 − w∕c)−1.64

Cv

(
�A∕cm2

)

(6)� =
dp

dt
= 0.0116 × icorr,0 × 0.85

(
t − tini

)−0.29

Fig. 7  Chloride ingress profile at varying temperature and constant 
RH = 75%

Fig. 8  Chloride ingress profile at varying temperature and constant 
T = 20 °C
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model has been divided into three phases, each of which 
corresponds to the actual corrosion process. The process 
of chloride-induced corrosion is divided into three stages. 
The first stage covers the period from initiation of corrosion 
to concrete cracking. The corrosion rate in the first stage 
is expressed in the form of �1 . At the onset of the second 
stage, there is a continuous increase in corrosion rate due to 
commencement of cracking in concrete. This stage would 
continue all the way through the period of severe cracking of 
concrete. The quantitative estimation of this stage is reported 
in very few studies; therefore, in this stage, the corrosion rate 
is adopted as linearly increasing with time. At this stage, the 
corrosion rate is assumed to increase linearly with time and 
is denoted by �2 . The final stage shows the corrosion rate 
following severe cracking of concrete and is denoted by �3.

To sum up, the model for corrosion rate is summarized 
as follows [12]:

where tini = initiation time, tcr = initial cracking time, and 
tscr = severe cracking time. The advanced corrosion rate 
model is not explained in details in this paper as it is beyond 
the scope of this study. However, detailed explanation of 
advanced corrosion rate model can be found in one of the 
recent works of the author [12].

To include the effect of climatic factors like temperature 
and relative humidity on corrosion rate, Guo et al. [18] sug-
gested the addition of two adjustment factors to corrosion 
current density in Eq. (5). Therefore, the new time-depend-
ent corrosion rate keeping in mind the effect of variation of 
temperature and relative humidity at time t is given as:

where fT and fRH are adjustment factors corresponding to 
temperature (T) and relative humidity (RH). The following 
section will briefly discuss on the adjustment factors fT and 
fRH and will try to incorporate them in the reliability analysis 
presented in this study.

dp

dt
= 𝜆(t) =

⎧⎪⎨⎪⎩

𝜆1(t) = 0.0116 × icorr,0 × 0.85
�
t − tini

�−0.29
tini < t ≤ tcr

𝜆2(t) = (t − tcr) ×
𝜆3(tscr)−𝜆1(tcr)

tscr−tcr
+ 𝜆1(tcr) tcr < t ≤ tscr

𝜆3(t) = (4.5 − 26𝜆1(t)) × 𝜆1(t) t > tscr

⎫⎪⎬⎪⎭

i�
corr,0

(t) = icorr,0(t) × fT × fRH

(7)

� =
dp

dt
= 0.0116 ×

37.8 × (1 − w∕c)−1.64

C
v

× 0.85 × (t − t
ini
)−0.29 × fT × f

RH

Adjustment factor fT to address the effect 
of temperature.

The effect of variation of temperature on corrosion current 
density is addressed via adjustment factor fT in Eq. (6). From 
previous discussions, it has been observed that in initiation 
stage, the temperature and relative humidity have substan-
tial effect on the diffusion coefficient, chloride content, and 
initiation time. Investigations carried out by a number of 
researchers also point towards a steady decrease in resistiv-
ity of concrete on rise in temperature resulting in higher 
corrosion rates. For example, Stewart et al. [37] noticed a 
15% jump in corrosion rate as a consequence of rise in tem-
perature by 2 °C. Duracrete [15] proposed a time-dependent 
model to estimate corrosion current density at any temper-
ature varying from the reference temperature of 20 °C as 
shown below:

i�
corr

(t) = icorr(t) × fT where,

and i�
corr

(t) is the corrosion current density at reference 
temperature and i�

corr
(t) is the corrosion current density at 

any temperature. The factor  KT is given by

(8)fT =
{
1 + KT[T(t) − 20]

}

Fig. 9  Adjustment factor for temperature [15]
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Figure 9 shows the variation of fT with temperature. It is 
observed that there is a uniform growth of fT with tempera-
ture, but the rate of increase is more when temperature is 
greater than 20 °C. This indicates that the corrosion rate will 
increase with an increase in temperature.

Adjustment factor for variation in relative humidity 
(fRH)

The adjustment factor fRH facilitates to evaluate the influence 
of varying relative humidity on corrosion current density. 
Grounded on various experimental results, Guo et al. [18] 
established a theoretical relationship between fRH and rela-
tive humidity (RH) as shown below:

The variation of adjustment factor fRH with changing rela-
tive humidity can be properly understood from Fig. 10. It is 
observed that the adjustment factor is noticeably less for RH 
value lesser than 50% and almost insignificant for RH value 
less than 35%, whereas as the RH increase from 50 to 65%, 
there is exponential growth in the value of adjustment factor, 
and it reaches peak at RH of 85% after which it is observed 
to be decreasing on subsequent increase in RH above 90% 
till full saturation is achieved. This is attributed to the fact 
that when relative humidity reaches saturation, the oxygen 
cannot reach the surface of reinforcement easily resulting in 
low corrosion rates.

(9)KT =

(
0.025 if → T(t) ≤ 20◦C

0.073 if → T(t) > 20◦C

)

(10)fRH = e
−6000

(
RH−75

100

)6

Loss of steel reinforcement area

For reinforced concrete structures, the degradation in 
strength happens owing to rate of loading applied on the 
structure, irregularity in properties of material and due to 
environmental aggressiveness. Corrosion triggered due to 
ingress of chlorides is one of the foremost causes of deg-
radation of strength of a structure. After attainment of the 
initiation time of corrosion, the cross-sectional area of steel 
reinforcement starts to decrease during the course of service 
life of the structure. The continuous reduction in steel cross-
sectional area of reinforcement will lead to a decrease in 
load carrying capacity of the structure. On implementation 
of the effect of temperature and relative humidity on corro-
sion current density, the time-dependent reduction in cross-
sectional area of reinforcement can be calculated as [33]:

where do = initial diameter (mm); λ́ = modified corrosion 
rate; n = number of reinforcement bars. The remaining diam-
eter d(t) of rebar at time T after initiation of corrosion is 
calculated as:

One commonly used model to express deterioration in 
strength for aged structures throughout time is given by [25]:

where R(t) = Structure’s time-dependent strength;  R0 = struc-
ture’s initial strength; g(t) = function representing the dete-
rioration or degradation of strength = 1-kt and k = rate 
parameter. Here, g(t) is calculated based on the remaining 
cross-sectional area of reinforcement after a definite period.

Hazard function with respect to aged structures

The hazard function, hz(t) , is defined as the probability of 
failure of a structure throughout a time interval (t, t + dt] so 
that it outlives beyond time (0, t] Therefore, the hazard func-
tion is mathematically expressed as:

where Rel(t) = Reliability of the structure at time, t
The hazard function hz(t) has a distinctive growth with 

respect to time throughout structure’s deterioration. Upon 

(11)A(t) =

⎛⎜⎜⎝

nd2
0

𝜋

4
for t ≤ tini

n[d(t)]2
𝜋

4
for tini < t ≤ tini + (d0∕𝜆

�)

0 for t > tini + (d0∕𝜆
�)

⎞⎟⎟⎠

(12)d(t) = d0 − 0.0232

T

∫
tini

i�
corr

(t)dt

(13)R(t) = R0 × g(t)

(14)hz(t) = −
d

dt
ln [Rel(t)]

Fig. 10  Adjustment factor for relative humidity [18]
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attaining the hazard function, the time-dependent structural 
reliability for structure is stated as:

Structural reliability of chloride‑affected bridges

For the survival of a structure at any time t, the time-depend-
ent resistance of a structure, R(t), and the effect of load, 
S(t), should remain in the range of Z(t) = R(t) − S(t) . The 
instantaneous probability of failure pf (t) during time, t, is 
therefore expressed as:

(15)Rel(t) = exp

⎡⎢⎢⎣
−

t

∫
0

h(�)d�

⎤⎥⎥⎦
where FR,t(x) = Instantaneous CDF of structural resistance R, 
at time t. fS,t(x) = Instantaneous PDF of load effect S, at time 
t. It has been assumed that the structural resistance, R, and 
the effect of load, S, are statistically independent. Therefore, 
taking into account the occurrence of n independent discrete 
load events, i.e.  S1,  S2,…,  Sn, in the span of service life of 
interval (0, T) and at time periods  t1,t2,…,tn, the time-variant 
probability of failure within (0, T) is mathematically stated 
as:

(16)pf (t) = pr[z(t) < 0] =

∞

∫
0

FR,t(x).fS,t(x)dx

(17)
Rel(0, T] = P

[
R(t1) > S1 ∩ R(t2) > S2 ∩ ....... ∩ R(tn) > Sn

]

Table 2  Design parameters [13] Sl no Parameters

1 Effective span 50 m
2 Clear width of roadway 7.5 m on either side
3 Foot paths 1.25 m wide on either side
4 Thickness of wearing coat 75 mm
5 Spacing of cross girders 5 m c/c
6 Live load IRC class AA loading
7 Type of construction Class-I
8 Materials Deck slab = M-45, PSC 6 girder sys-

tem = M-50, Wearing coat = M-30, 
Pile = M-40

Fig. 11  Geographic location of Sardar Bridge (Gujarat) [13]
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Therefore, hazard function, hz(t) , at time, t, is stated as:

where Tf = Random variable representing time of failure.
P(t < Tf ≤ t + dt) = Failure probability during time inter-

val (t, t + dt).
P(Tf > t) = Survival probability up to time, t, of a struc-

tural member.
Now, given that the occurrence of load events is consid-

ered as a Poisson point process and g(t),  R0 are determinis-
tic, then the probability of failure during the time interval 
(t, t + dt) is expressed as:

(18)h(t) =
P(Tf ≤ t + dt||Tf > t)

dt
=

P(t < Tf ≤ t + dt)

P(Tf > t)dt By substitution of Eq. (18) in Eq. (17), we can derive that:

where Fs() = CDF of load intensity.
�r(t) = occurrence rate of time-variant mean load.
As a result, the time-variant structural reliability as per 

Eq. (14) is given by:

(19)
P(t < Tf ≤ t + dt) = 𝜆r(t)dt ⋅ P

[
R0 × G(t + dt) < S(t + dt)

]
⋅ P

[
t < Tf

]

(20)h(t) = �r(t)
[
1 − Fs

(
R0 × G(t)

)]

Fig. 12  a Bridge elevation b 
Bridge cross section [13]
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Thus, the probability of failure of the structure can be 
found out by: 

(21)Rel(T) = exp

⎧⎪⎨⎪⎩
−

T

∫
0

�r(t)
�
1 − Fs

�
R0 × G(t)

��
dt

⎫⎪⎬⎪⎭

(22)pf = 1 − Rel(T)

Structural reliability assessment of bridge 
considering climatic factors

Bridge location and environmental factors

A highway RC bridge (known as Sardar Bridge) is selected 
to demonstrate the effect of temperature and humidity on 
time-dependent structural reliability. The selected bridge is 
taken from the earlier work of the authors [13] in which 
a framework to determine the serviceability and safety by 
implementation of time-dependent reliability was developed 
for the highway bridge under aggressive environment and 
under the action of time-dependent and time-independent 
loads. The chosen bridge is situated at Surat district of 

Fig. 13  Spatial distribution of temperature throughout the year in Gujarat (India) [NOAA]
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Gujarat (India). Built in year 1991 over Tapi river, this 
bridge serves as a major lifeline in transportation between 
two important cities (i.e. Athwa and Adajan). The bridge 
comprises of six number of girders, equally spaced, for every 
span of the bridge. The other technical details along with 
design parameters of the bridge are adopted from previous 
work of the authors [13] and are given in Table 2. Figure 11 
displays the geographical site of the chosen bridge. Due to 
its close proximity with Arabian Sea, the bridge is exposed 
to chloride-contaminated marine environment. Therefore, 
keeping that in mind, three types of environmental aggres-
siveness are considered, i.e. Submerged, Tidal/Splash, and 

Fig. 14  Spatial distribution of relative humidity throughout the year in Gujarat (India) [NOAA]

Table 3  Average temperature and relative humidity at the bridge site 
in Gujarat

Season Average 
Temperature 
(°C)

Average Relative 
Humidity (RH %)

Adjustment 
factors

fT fRH

Winter 23.00 35.00 1.22 2.12E-11
Summer 35.00 60.00 2.09 0.93
Monsoon 29.50 75.50 1.69 1.00
Post-Monsoon 27.75 49.50 1.56 0.19
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Atmospheric [15] to model the chloride ingress. The cli-
mate in Indian subcontinent keeps changing according to 
different season. Further, to consider the variation of in situ 
temperature and relative humidity, the year is divided into 
four seasons, i.e. Winter season (Dec–Feb); Summer season 
(Mar–May); Monsoon season (Jun–Sept); and Post-Mon-
soon (Oct–Nov) (Fig. 12). Figure 13 and Fig. 14 present 
the spatial and temporal variation of temperature and rela-
tive humidity to showcase the seasonal variation of both the 
parameters throughout Gujarat state. The datasets have been 
obtained from National Oceanic and Atmospheric Adminis-
tration (NOAA) website. From Fig. 13 and 14, the tempera-
ture and relative humidity at the bridge site corresponding to 
different seasons is found and is given in Table 3.

Time‑dependent reliability assessment 
with combined effect of non‑stationarity 
in the loading method and in situ temperature 
and relative humidity conditions

Three models of live load were considered in order to exem-
plify the non-stationarity effect of live load. The mean val-
ues for live load model 1 (LL-1) and live load model 2 (LL-
2) are time independent, while the mean value of live load 3 
(LL-3) is kept time dependent and is represented as:

where c0 = initial intensity of mean load, c1 = scale factor 
and α = shape factor.

The probabilistic models of load and resistance are 
given in Table 4. Please note that the initial resistance, dead 
load, and live load of the representative bridge considered 
in this study have been obtained from the earlier work of 
the authors [13]. The nominal structural resistance, Rn, is 
assessed as per design constraint of concrete structures [13]:

where Rn = Nominal resistance, Dn = Nominal dead load, 
Ln = Nominal live load.

For sake of convenience, it has been considered that 
Dn = Ln = 1.0. Therefore, the nominal structural resistance, 
Rn as per Eq. (23), is equal to 4.0.

(23)�L,3(t) =
(
c0 + c1 × t�

)
Ln

(24)1.0Rn = 1.5Dn + 2.5Ln

Results and discussion

The time-dependent probability of failure F(t), for combined 
effect of various live load models, temperature and relative 
humidity conditions, and different chloride aggressive envi-
ronments is computed using Eq. (21). Figure 14a, b and c 
demonstrates the effect of temperature and relative humidity 
on failure probability of the bridge when exposed to three 
different chloride-contaminated environment and under the 
action of live load model 1 (LL-1). It is clearly evident that 
the failure probability increases with an increase in time. 
Also, it is observed that the time-variant failure probability 
is sufficiently sensitive towards climatic factors like tempera-
ture and humidity. From Fig. 14a, it can be remarked that 
for submerged environment, deviation of temperature and 
humidity from reference values would lead to notable differ-
ence in failure probability of the structure. The failure prob-
ability calculated using reference condition of temperature 
of 20 °C and relative humidity of 75% is shown by a black 
coloured dotted line. It is observable that the failure prob-
ability is higher than the reference condition for summer sea-
son and monsoon season. This is due to the fact that during 
summer and monsoon season, the temperature and humidity 
levels are higher. The failure probability is less than the ref-
erence condition for post-monsoon and winter season, and 
the lowest during winter due to the fact that both temperature 
and humidity levels are low during these months. Therefore, 
the cruciality of considering the seasonal variation of tem-
perature and humidity to determine the structural reliability 
is clearly noted and hence cannot be ignored. This further 
emphasizes the importance of considering temperature and 
humidity in modelling the chloride-induced corrosion pro-
cess. Similar observations were also made in tidal/splash and 
atmospheric zone as shown in Fig. 14b, c.

When the corrosion degradation due to chloride ingress 
is accompanied by the deterioration caused due to loads 
acting on the bridge structure, the combined effect on the 
corrosion mechanism is predominant. The degradation of 
the structural resistance is considered to be linearly varying 
for all the live load models (Fig. 15). The failure probability 
is plotted for three different environmental aggressiveness 
along with change of seasons and different live load models 
as shown in Fig. 16a, b and c. From Fig. 16a, it is observed 
that for submerged zone, the failure probability is greatest 

Table 4  Parameters related to 
strength and loads [13]

Parameters Moment Nominal Mean Units COV Distribution

R0 Initial resistance 4489.52 4711 kNm 0.14603 Normal
DL Dead load 2864.76 3005 kNm 0.09985 Normal
LL1 Live load 1 2515.52 1677 kNm 0.22346 GEV
LL2 Live load 2 2155.71 1677 kNm 0.22346 GEV
LL3 Live load 3 �

L,3(t) =
(
c0 + c1 × t

�
)
L
n

kNm 0.22346 GEV
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corresponding to live load case LL2 followed by LL3 and 
LL1 load cases until a period of 40 years, after which the 
LL3 case surpasses the LL2 case and exhibits the highest 
failure probability. The probability of failure corresponding 
to LL3 rises in a quick pace owing to an increase in the mean 
load intensity of LL3 as compared to LL2 with respect to 
time. Thus, it can be concluded that the service life of the 
structure also plays a vital role for LL3 case in estimation of 
probability of failure of the structure. The effect of seasonal 
change is also shown in Fig. 16a, b and c where the summer 
season exhibits the highest failure probability followed by 
monsoon and post-monsoon season, while it is the lowest 
for winter season for all the three live load models. Thus, 
temperature and relative humidity together with applied live 
loads exerts a strong influence in the determination of failure 
probability of a structure.

The collective effect of type of exposure environment 
together with seasonal change can be observed in Fig. 17, 
which demonstrates the variation of probability of failure 
considering live load case 1 for different exposure environ-
ments and varying climatic parameters. It is seen from the 
figure that for all the three environmental aggressiveness, 
the time-variant failure probability of the bridge structure 
is closely identical. This happens essentially due to small 
variations in the resistance degradation function, G(t), which 
in turn leads to lesser variations in the rate parameter, k for 
each exposure condition resulting in a lesser reduction in the 
time-variant structural resistance, R(t). It is observed that the 
temperature and relative humidity variation as per seasons 
plays a crucial role in determining the failure probability. As 
seen from figure, the failure probability in summer season is 
the highest among all irrespective of environmental expo-
sure. For instance, the failure probability of tidal and atmos-
pheric zone in summer is greater than the failure probability 
of submerged zone in winter, post-monsoon, and monsoon 
season. Therefore, it is seen that even in less aggressive envi-
ronment, the failure probability can exceed when exposed 
to greater temperature and relative humidity. Thus, it clearly 
evident that how change of season can largely vary the fail-
ure probability of structure.

Until now, the time-variant live load model (LL-3) is con-
sidered to be linearly varying, i.e. considering shape factor 
α = 1. By considering different shape factors of live load 
model LL-3, four different live load models are considered 
viz. linear model (α = 1), square root model (α = 0.5), para-
bolic model (α = 2), and cubic model (α = 3). Accordingly, 
Fig. 18 shows the calculated failure probability of the bridge 
under submerged condition by taking different time-variant 

Fig. 15  Time-dependent failure probability of the RC bridge for live 
load model 1 (LL1) under various environmental aggressiveness and 
seasonal variations (a) Submerged zone (b) Tidal/splash zone (c) 
Atmospheric zone

▸
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live load models. From the figure, it has been observed for 
a higher value of the shape parameter that the failure prob-
ability of the representative bridge increases significantly. 
Also, it has been observed that there is a prompt increase in 
the failure probability of the parabolic model as compared 
to square root and linear model. The parabolic model and 
cubic model has a failure probability of 100% after a ser-
vice life period of 32 years and 13 years, respectively. The 
output of both the parabolic and cubic model is well beyond 
the conservative estimate of the actual degradation process, 
while square root model underestimates the degradation pro-
cess. Therefore, for making a reliable estimate of the failure 
probability under time-variant loading conditions, the linear 
model may be considered as the most suitable one.

Conclusions

By capturing the influence of temperature and relative 
humidity in the chloride-induced corrosion degradation 
process, the presented work has proposed a novel approach 
for estimating the reliability of RC bridges located in marine 
environments and subjected to multiple hazards like chlo-
ride-induced corrosion and live loads acting on the struc-
ture. In addition, the paper focusses on the variability of 
temperature and relative humidity of a region with respect 
to changing seasons. The model presented in the paper is 
able to take into account the influence of in situ temperature 
and humidity conditions on corrosion degradation process 
while calculating the reliability of a structure. Correspond-
ing to four seasons in India, i.e. winter, summer, monsoon 
and post-monsoon, the effect of variation of both tempera-
ture and relative humidity with respect to seasons is captured 
by introducing adjustment factors for temperature and rela-
tive humidity to calculate the modified corrosion rate for 
the corrosion degradation process. It is observed that with 
the gradual increase in temperature, the rate of degradation 
also increases. This is due to the fact that higher temperature 
accelerates the ingress of chloride into concrete, therefore 
the adjustment factor of temperature is found to be line-
arly increasing with rising temperature. While the relative 
humidity may either increase or decrease the degradation 
rate based on the moisture content.

As an application, the advanced corrosion rate model was 
applied on a representative T-girder bridge (named Sardar 
Bridge) subjected to chloride ingress and action of time-
variant and time-invariant loading conditions acting on the 
bridge, also taking into account the in situ climatic condition 

Fig. 16  Influence of various live load models on the time-variant fail-
ure probability of the RC bridge under various aggressive environ-
ment and variation of seasonal parameters (a) Submerged zone (b) 
Tidal/splash zone (c) Atmospheric zone

▸
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Fig. 17  Comparison among 
failure probability of different 
environmental aggressiveness in 
different seasons

Fig. 18  Influence of shape fac-
tor of LL3 on the probability of 
failure in submerged zone
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to calculate the structural reliability of the structure. The 
reliability analysis carried out on the structure indicates the 
effect of type of environmental exposure, live load condi-
tions, and climatic factors on the failure probability of the 
structure. The three live load models taken into considera-
tion indicates that the failure probability of structures sub-
jected to live load 3(LL-3) is higher as compared to live 
load model LL-1 and LL-2. Therefore, it can be concluded 
that the time-variant live load model would have a higher 
influence on the failure probability than the time-invariant 
live load models. Furthermore, a significant rapid increase 
in failure probability is observed in case of live load model 
3(LL-3) on taking higher values of shape parameter.

The effect of climatic condition like temperature and 
relative humidity was also seen in the reliability analysis. 
The effect of seasonal variation of temperature and rela-
tive humidity at the bridge site in the failure probability of 
the structure was apparent from the study. From Fig. 10a, 
b and c, it is evident that how considering variation of sea-
sonal parameters the probability of failure varies from the 
reference condition. It is observed that the failure probabil-
ity is the highest in summer season, followed by monsoon 
season. This must be attributed to the fact that in both the 
seasons, the temperature and relative humidity values are 
high, whereas the failure probability is the lowest for winter 
season and post-monsoon season due to low temperature 
and relative humidity. Thus, this highlights the importance 
of considering the climatic factors like temperature and rela-
tive humidity in reliability analysis of RC bridges exposed 
to chloride-induced deterioration.
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