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Abstract: This paper aims to develop a deteriorated bridge maintenance strategy that ensures the safe
operation of steel structures and minimizes the total risk. Five common failure modes are considered
for the deteriorated bridge: flexure, shear, deflection, fatigue failure for girder, and chloride attack
for the concrete deck. Time-dependent and system reliability analyses are carried out to find the
probability of failure under these failure modes. Risk-cost optimization is then used to determine
the maintenance strategy. This method was applied to a working example. It was found that the
developed maintenance strategy can predict when, where, and what to maintain for a bridge to
ensure its safe and serviceable operation during its lifespan. The proposed methodology can help
structural engineers and asset managers repair and maintain bridges under deterioration.

Keywords: bridge; deterioration; reliability; risk-cost optimization

1. Introduction

Bridges are critical infrastructures that play an important role in transport systems,
and the deterioration of bridges has become a global issue [1]. Deterioration is the change
to the mechanical properties or the geometric properties of bridge components that affect
the bridge’s structural performance. There are many causes of deterioration, including
corrosion, fatigue, overloading, etc. [2]. Deterioration can lead to capacity loss, remaining
life reduction, and bridge failure [1,3]. Biezma and Schanack [4] pointed out that 5% of
bridges have collapsed worldwide from 1807 to 2007 because of deterioration and lack
of maintenance, for example, the Silver Bridge in 1967 [5], Lowe’s Motor Speedway in
2000 [6], and the Minneapolis Interstate 35 W Bridge in 2007 [7]. These failures indicate that
an effective maintenance strategy is essential for a deteriorated bridge to avoid catastrophic
failure.

To make maintenance strategy effective, it is essential to minimize the total inspection,
repair, and expected failure cost and limit the probability of failure of bridges. Different
studies have been carried out to develop the maintenance strategy for bridges, using either
the deterministic method or reliability theory. For the deterministic method, Yanev and
Chen [8] and Mohammadi et al. [9] used condition rating and the rating deterioration model
for life cycle performance prediction and maintenance of bridges. AI-Subhi et al. [10] and
Tam and Stiemer [11] developed a bridge maintenance strategy through the life cycle cost
analysis and discounted cash flow method. Frangopol [12] incorporated reliability theory
and life cycle cost in bridge maintenance. Estes and Frangopol [13], Yang and Hsu [14]
and Zhu and Frangopol [15] further developed a maintenance strategy through risk-cost
optimization. In this optimization, the deterioration of the bridge is modeled as a stochastic
process. Time-dependent reliability theory is used to predict the probability of failure of the
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bridge. An optimization algorithm is then applied to determine the maintenance strategies
that ensure the safe operation of the bridge and minimize the total risk [16]. Risk-cost
optimization considers the uncertainties in bridge deterioration (e.g., corrosion rate, fatigue
damage). Therefore, it can give a more reliable maintenance strategy compared with the
deterministic method [17].

Although risk-cost optimization has been used for maintenance strategy development
of deteriorated bridges, there are three major research gaps. Firstly, a bridge contains many
components (e.g., girder, decks, etc.), and each component has multiple failure modes (e.g.,
flexure, deflection, and fatigue) [2]. However, most studies only consider the failure of a
single component in the risk-cost optimization of bridges. Moreover, Li [2] suggested that
bridges can be more vulnerable to fatigue failure than other failure modes. Very limited
studies have considered fatigue failure mode in the risk-cost optimization. For example,
Stewart and Rosowsky [18], Itoh and Liu [19], and Lounis [20] considered the failure
modes (e.g., chloride penetration) only for bridge decks in their risk-cost optimization. The
failure modes of other components (e.g., fatigue failure of the bridge girder) have not been
considered. Saydam and Frangopol [21] and Liu et al. [22] considered the girders’ flexure,
shear, and deflection failure modes in the risk-cost optimization. Fatigue failure of girders
and the failure modes of decks have not been studied. Based on the system reliability
theory, the bridge’s probability of failure can be underestimated if any failure modes are not
considered. This underestimation can lead to the inefficiency of the developed maintenance
strategy [17].

Secondly, corrosion is a common cause of deterioration for steel components (e.g.,
girder) of the bridge. Corrosion can degrade both sectional properties (e.g., area, effective
section modulus, etc.) and mechanical properties (e.g., yield strength, S-N curve, etc.). It is
thus vital to consider both degradation impacts in risk-cost optimization of the deteriorated
bridge [23]. Most existing works have only considered the corrosion-induced changes in
sectional properties, as the cases in Kurtz et al. [24], Guo et al. [25], and Han et al. [26].
Nonetheless, Garbatov et al. [27] suggested that there can be a 20.9% loss in yield strength of
the steel corroded in seawater conditions with a 60% reduction in weight loss. Li et al. [23]
tested the mechanical properties of corroded steel and the results suggested that there can
be a 6.1% loss in yield strength when corrosion loss increases to 1.36 mm. Furthermore, Li
and Mahmoodian [28] suggested that ignoring the reduction in fatigue strength of steel
due to corrosion can result in a 57.5 times probability of underestimation of failure. This
underestimation indicates that the degradation in mechanical properties of corroded steel
should not be ignored in risk-cost optimization and maintenance strategy development.

Thirdly, few studies have used the first passage probability in failure prediction and
risk-cost optimization of deteriorated bridges. In detail, bridge deterioration, whatever
the causes, is a time-by-time process of accumulation. The autocorrelation of deterioration
at each point of time is high [28,29]. To consider this autocorrelation, the first passage
probability theory can be used for the failure prediction of deteriorated bridges [29] and
the subsequent risk-cost optimization works. Mathematically, first passage probability
theory determines the probability of failure of each failure mode by estimating the mean
outcrossing rate (up- or down-crossing rate) of a stochastic process (e.g., flexure moment,
shear force, deflection, fatigue damage, and chloride concentration) from a threshold and
obtaining a solution to the so-called “first passage probability” [17]. In calculating the mean
outcrossing rate, the autocorrelation of stochastic processes within time is determined [17].
Recent studies have used the first passage probability on failure prediction of bridges, e.g.,
the prediction probability of fatigue failure carried out by Li and Mahmoodian [28], but they
did not go one step further for risk-cost optimization and maintenance plan development.

This paper intends to fill the research gaps mentioned above and develop a bridge
maintenance strategy based on risk-cost optimization. Five common failure modes are
considered for the deteriorated bridge: flexure, shear, deflection, fatigue failure for the
girder, and chloride attack for the concrete deck. The load effect of each failure mode
is modeled as a stochastic process to consider the deterioration. The degradation effect
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of corrosion on the mechanical properties of bridge steel is considered in the modeling.
The first passage probability theory and system reliability analysis theory are used for the
time-dependent reliability of bridges considering multiple failure modes of different bridge
components. A risk-cost optimization program is then applied to the bridge to develop an
optimum maintenance plan based on the reliability analysis outcome. A working example
is conducted to demonstrate the application of the proposed maintenance strategy on an
existing bridge. The significance of the research is in advancing the knowledge in the
failure prediction and maintenance of deteriorated structures.

2. Formulation of Maintenance Strategy

The bridge system consists of many components (e.g., deck, girder, etc.). A component
can fail in many modes (namely, limit state). This paper focused on a steel–concrete
composite bridge with the configuration shown in Figure 1, which is a common bridge
type [30]. The failure of this bridge system is logically expressed in Figure 2. The system
was modeled as a series system because maintenance needs to be performed when there
is a violation of the limit state for any failure modes [28]. It is worth noting that bridge
decks are usually overdesigned [31,32]. Thus, their flexure, shear deflection, and fatigue
failure modes were not considered. Additionally, deterioration is normally inspected on
bridge decks and girders for this bridge type [2]. Hence, the failure of bridge piers was not
considered in this study.

Sustainability 2022, 14, x FOR PEER REVIEW 3 of 16 
 

considered for the deteriorated bridge: flexure, shear, deflection, fatigue failure for the 
girder, and chloride attack for the concrete deck. The load effect of each failure mode is 
modeled as a stochastic process to consider the deterioration. The degradation effect of 
corrosion on the mechanical properties of bridge steel is considered in the modeling. The 
first passage probability theory and system reliability analysis theory are used for the 
time-dependent reliability of bridges considering multiple failure modes of different 
bridge components. A risk-cost optimization program is then applied to the bridge to de-
velop an optimum maintenance plan based on the reliability analysis outcome. A working 
example is conducted to demonstrate the application of the proposed maintenance strat-
egy on an existing bridge. The significance of the research is in advancing the knowledge 
in the failure prediction and maintenance of deteriorated structures. 

2. Formulation of Maintenance Strategy 
The bridge system consists of many components (e.g., deck, girder, etc.). A compo-

nent can fail in many modes (namely, limit state). This paper focused on a steel–concrete 
composite bridge with the configuration shown in Figure 1, which is a common bridge 
type [30]. The failure of this bridge system is logically expressed in Figure 2. The system 
was modeled as a series system because maintenance needs to be performed when there 
is a violation of the limit state for any failure modes [28]. It is worth noting that bridge 
decks are usually overdesigned [31,32]. Thus, their flexure, shear deflection, and fatigue 
failure modes were not considered. Additionally, deterioration is normally inspected on 
bridge decks and girders for this bridge type [2]. Hence, the failure of bridge piers was 
not considered in this study. 

 

(a) 

 

(b) 

Figure 1. Configuration of the bridge in the working example (Unit: mm). (a) Girder system, (b) 
Cross-section of girder. 

Figure 1. Configuration of the bridge in the working example (Unit: mm). (a) Girder system,
(b) Cross-section of girder.



Sustainability 2022, 14, 436 4 of 16
Sustainability 2022, 14, x FOR PEER REVIEW 4 of 16 
 

 
Figure 2. Schematic diagram of the bridge system. 

The maintenance strategy for the bridge was developed by combining the concepts 
of system reliability and optimization. The justification for the maintenance strategy was 
that the maintenance will only be carried out when the probability of failure determined 
by any failure modes is greater than the acceptable limit, and the probability of whole 
bridge system failure is kept below the acceptable failure mode [16]. Considering this jus-
tification, the merit of developing this maintenance strategy was to minimize, if not elim-
inate, the number of maintenance actions without affecting the safety of the bridge. The 
problem can then be expressed mathematically as follows [17]: 

𝑀𝑖𝑛𝑚𝑖𝑧𝑒 𝑅𝑖𝑠𝑘 = ෍ ෍ ෍ 𝑝௙௦,௦ (𝑡௜) × 𝐶௝௞(𝑡௜)ே೘
௞ୀଵ

ே೎
௝ୀଵ

ேೝ
௜ୀଵ  

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜  𝑝௙ ൫𝑡௝൯ ≤ 𝑃௙,௔ 𝑝௙௦,௦ (𝑡௝) ≤ 𝑃௙௦,௦௔ 0 ≤ 𝑡௝ ≤ 𝑡௅ (1)

where 𝑡௜ is the maintenance time sequence with 𝑖 referring to the number of times, 𝑗 to 
structural component, and 𝑖 to failure mode. 𝑁௥ is the number of maintenance actions, 𝑁௖ is the number of components, and 𝑁௠ is the number of failure modes for each com-
ponent. 𝐶௝௞ is the cost (including interest rate) of failure for the 𝑗th component due to the 𝑘th failure mode. 𝑝௙  and 𝑃௙,௔ are the probability and acceptable probability of each fail-
ure mode. 𝑝௙௦,௦ and 𝑃௙௦,௦௔ are the probability of failure and the acceptable probability of 
failure for the bridge system. Both 𝑃௙,௔ and 𝑃௙௦,௦௔ were determined as 0.011% based on 
AS 5100.1 [33]. 𝑡௅ is the lifetime of the structure. 

The optimization (Equation (1)) finds the number of maintenances 𝑁௥ and the time 
of each maintenance, i.e., 𝑡௜. The most influential component within the system can also 
be determined at each maintenance time through this optimization. To be specific, the 
probabilities of failure of different components were determined and ranked (shown later 
in Equation (5)) in this optimization process. The component with the highest probability 
of failure was treated as the critical component, as bridge structure was considered a series 
system in this study. The maintenance action was only performed on the critical compo-
nent and the cost of failure related to the repair for this component. This is shown sche-
matically in Figure 3. Furthermore, the failure mode with the highest failure probability 
was repaired for the critical component. 

Figure 2. Schematic diagram of the bridge system.

The maintenance strategy for the bridge was developed by combining the concepts
of system reliability and optimization. The justification for the maintenance strategy was
that the maintenance will only be carried out when the probability of failure determined by
any failure modes is greater than the acceptable limit, and the probability of whole bridge
system failure is kept below the acceptable failure mode [16]. Considering this justification,
the merit of developing this maintenance strategy was to minimize, if not eliminate, the
number of maintenance actions without affecting the safety of the bridge. The problem can
then be expressed mathematically as follows [17]:

Minmize Risk =
Nr

∑
i=1

Nc

∑
j=1

Nm

∑
k=1

p f s,s(ti)× Cjk(ti)

Subject to p f
(
tj
)
≤ Pf ,a

p f s,s
(
tj
)
≤ Pf s,sa

0 ≤ tj ≤ tL (1)

where ti is the maintenance time sequence with i referring to the number of times, j to
structural component, and i to failure mode. Nr is the number of maintenance actions, Nc
is the number of components, and Nm is the number of failure modes for each component.
Cjk is the cost (including interest rate) of failure for the jth component due to the kth failure
mode. p f and Pf ,a are the probability and acceptable probability of each failure mode. p f s,s
and Pf s,sa are the probability of failure and the acceptable probability of failure for the
bridge system. Both Pf ,a and Pf s,sa were determined as 0.011% based on AS 5100.1 [33]. tL
is the lifetime of the structure.

The optimization (Equation (1)) finds the number of maintenances Nr and the time
of each maintenance, i.e., ti. The most influential component within the system can also
be determined at each maintenance time through this optimization. To be specific, the
probabilities of failure of different components were determined and ranked (shown later
in Equation (5)) in this optimization process. The component with the highest probability
of failure was treated as the critical component, as bridge structure was considered a series
system in this study. The maintenance action was only performed on the critical component
and the cost of failure related to the repair for this component. This is shown schematically
in Figure 3. Furthermore, the failure mode with the highest failure probability was repaired
for the critical component.
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The probability of bridge failure p f for each failure mode in Equation (1) can be
determined as follows:

p f (t) = P[G(S, R, t) ≤ 0] = P[R(t) ≤ S(t)] (2)

where P denotes the probability of an event. S(t) is the bridge response and R(t) is the
structural resistance. G is the limit state function, which is G(S, R, t) = R(t)− S(t).

Equation (2) represents a typical down-crossing problem, which can be determined
using first passage probability theory [29]. In time-dependent reliability methods, the
structural failure depends on the time that is expected to elapse before the first occurrence
of the stochastic process, R(t), down-crossing a critical limit, S, sometimes in a given time
period [0, tL]. Equally, the probability of failure, p f (t), can be determined based on the
probability of the first occurrence of such an excursion during that period. This is known
as “first-passage probability” and under the assumption of Poisson processes it can be
expressed as follows [29]:

p f (t) = 1−
[
1− p f (0)

]
e−
∫ t

0 vdt (3)

where p f (t) is the probability of structural failure at time t = 0 and v is the mean rate
for R(t) to down-cross critical limit (S). Based on Li and Melchers [29], the mean down-
crossing rate is very small in practical problems. Thus, Equation (3) can be rewritten as
follows:

p f (t) = p f (0) +
∫ t

0
vdt. (4)

The down-crossing rate in Equation (4) can be determined by Li and Melchers [34] by
assuming R(t) follows Gaussian distribution.

As mentioned earlier in this section, the bridge structure was considered as a series
system. It was also assumed that the structural components and failure modes were
probabilistically independent, which gave a conservative estimation on system probability
of failure based on Li and Mahmoodian [28]. According to the theory of reliability, the
system probability of failure of component p f s,c(t) and bridge p f s,s(t) at time t can be
estimated as follows [35]:

p f s,c(t) or p f s,s(t) = 1−
m

∏
i=1

[
1− p f ,i(t)

]
(5)
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where m represents the number of failure modes in the series system.

3. Stochastic Model

It is known that the bridge resistance R(t) is a very random phenomenon, dependent
on many factors including the corrosion rate, the geometry of cross-section, load frequency
and load effect [36]. It is justifiable to model R(t) as a stochastic process because of
deterioration, which is expressed in primary contribution factors and treated as basic
random variables. It follows that the load effect R(t) can be modeled as a function of the
basic random variables and time, expressed as follows:

R(t) = f (X1, X2, · · · , Xn, t) (6)

where X1, X2, · · · , Xn are the basic random variables, the probabilistic information of which
are (presumed) available. With this treatment, the mean µR() and standard deviation σR()
of R(t) can be obtained using Monte Carlo simulation [29].

To consider the randomness R(t) a random variable, ξR, is introduced, which can be
defined in such a way that its mean is unity (i.e., E(ξR) = 1) and its coefficient of variation
is λR = σR

µR
[29]. Thus, R(t) can be expressed as follows:

R(t) = Rc(t)ξR (7)

where Rc(t) is treated as a pure time function of structural resistance. The next section
shows the calculation of Rc(t) for different failure modes. The mean and auto-covariance
function of Rc(t) can be determined as follows [29]:

µR(t) = E[Rc(t)] = Rc(t)·[ξR] = Rc(t), (8)

CRR
(
ti, tj

)
= ρλR(ti)λR

(
tj
)

Rc(ti)Rc
(
tj
)

(9)

where ρ is the autocorrelation coefficient for R(t) between two points in time ti and tj,
which can be obtained by experiments and field studies.

4. Failure Mode

As mentioned previously, a performance criterion should be established to assess the
risk of failure. In the structural reliability theory, this criterion can be expressed in the form
of limit state function. The limit state functions for a bridge girder and deck under different
performance criteria (failure modes) are presented in this section.

Flexural failure (Girder). The limit state function can be written as follows for flexure
failure.

G(MR, MS, t) = MR(t)−MS (10)

where MR(t) is the flexural resistance of steel section at time t and MS is the flexural
moment due to the load effect, which is treated as a deterministic parameter in this research.
Moreover, MR(t) and MS are resistance and load effect at the mid-span. MR(t) is computed
based on Australian Standard (AS 5100.6 2017):

MR(t) = σye(t)Ze(t) (11)

where Ze(t) is the effective section modulus of mid-girder of the span, and σye(t) is the
yield strength of the girder at mid-span at time t. The bending moment MS is case-specific.
The value is presented in Section 7 for the working example.

Shear Failure (Girder). The limit state function can be written as follows for shear
failure.

G(VR, VS, t) = VR(t)−VS (12)
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where VR(t) is the shear resistance of girder at time t. VS is the shear force due to load
effects. VR(t) is calculated as follows (AS 5100.6 2017):

VR(t) = 0.6σye(t)Aw(t) (13)

where Aw(t) is the steel web section area at time t. The shear force VS is also case-specific
with values shown in Section 7.

Deflection Failure (Girder). For deflection failure, the limit state function is calculated
as follows:

G(∆R, ∆S, t) = ∆R − ∆S(t) (14)

where ∆R is the allowable deflection under live load. According to Australian Standard
(AS5100.2 2017), maximum mid-span deflection under live load should not exceed 1/640
of the span length. ∆S is the deflection at the middle of the span due to live load effect at
time t. ∆S is case-specific, which can be calculated based on the elastic modulus of steel,
the second moment of inertia of girder cross-section, corrosion rate, and time.

Fatigue Failure (Girder). For fatigue failure, the limit state function is calculated as
follows:

G(D, ∆, t) = D(t)− ∆ (15)

where ∆ is the threshold that is equal to 1, D(t) is the Miner’s damage accumulation index
at time t, which can be determined as follows [37]:

D(t) =
num(t)

A(t)
E
[
Ss(t)

B(t)
]
− ∆ (16)

where A(t) and B(t) are the fatigue strength coefficient and fatigue strength exponent. Ss
is the stress range. The detailed explanations of A, B and Ss are given in Li et al. (2020).
num(t) is the total number of fatigue stress cycles applied during time t, which can be
determined as follows [37]:

num(t) = floadt (17)

where fload is the load frequency in the lifetime and t is time in years.
E[Ss(t)

B(t)] is the expected value of Ss
B at time t, which can be calculated as fol-

lows [37]:

E[Ss(t)
B(t)] = (

√
2Sso(t))

B(t)
Γ(

B(t)
2

+ 1) (18)

where Sso(t) is a statistical parameter at time t, which can be determined as follows:

Sso(t) =
√

π

2
E[Ss(t)] (19)

where E[Ss(t)] is the mean stress effect at time t, which can be either a normal stress effect
or a shear stress effect. The mean stress effect can be determined based on the maximum
stress and minimum stress in the largest load cycle as follows [36]:

E[Ss(t)] =
σmax(t) + σmin(t)

2
(20)

where σmax(t) and σmin(t) are the maximum and minimum stress on the girders. They
can be determined by using the maximum and minimum bending moments the girder is
subjected to (i.e., Mmax and Mmin) divided by the selection modulus Ze(t). The values of
Mmax and Mmin are case-specific with values shown in Section 7.

Chloride concentration (bridge deck). It is essential to make sure that the chloride
concentration within the concrete bridge is below the threshold value, so that the deteriora-
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tion of reinforcement can be avoided. The relevant limit state can thus be established as
follows [38]:

G(C, C0, t) = C(t)− CO (21)

where C(t) is the chloride concentration at the position of the steel reinforcement (%, the
percentage of chloride in the mass of concrete is used as the unit of chloride concentration
in this paper). C0 is the critical threshold chloride concentration that initiates the corrosion
of reinforcement, which is 0.05% [38]. The chloride concentration C(t) at time t is as
follows [38]:

C(t) = Cs

1− erf(
c

2
√

tD f

)

 (22)

where C0 denotes the initial concrete concentration in concrete. D f is the diffusion coeffi-
cient (mm2/year) and erf is the error function. c is the cover thickness for slab reinforce-
ment.

All the limit state functions presented in this section can be rewritten into the formats
in which R(t) is a stochastic process and down-crosses the deterministic threshold S (e.g.,
R(t) and S can be −∆S(t) and −∆R in Equation (14)). Thus, time-dependent probability of
failure for each performance criterion of the bridge can be calculated by Equations (3) and
(4) and Li and Melchers [34].

5. Corrosion Models

The deterioration of steel girders is caused by corrosion. It is widely accepted to
use average corrosion loss (thickness loss) to represent the corrosion degree of bridge
girders [39]. It is assumed that corrosion happens uniformly across girders. The average
corrosion loss can be calculated as follows [39]:

Cr(t) = Ktn (23)

where Cr(t) is the average corrosion penetration in micrometers (10−3 mm) at time t. The
model parameters K and n were determined as 0.0802 mm and 0.593 for the structural
components in an urban environment [39]. Based on Equation (23), the changes in geometry
of steel girders over time can be determined.

It can be seen from Equations (11), (13) and (16) that the changes in yield strength
σye(t), fatigue strength coefficient A(t), and fatigue strength exponent B(t) over time from
corrosion can be determined as follows for low-carbon bridge steel (e.g., G250 steel) [2,28].

σye(t) = σyeo(1 + 0.003428Cr(t)− 0.034498Cr(t) + 0.006139), (24)

A(t) = −9× 1020cr(t) + 1× 1020, (25)

B(t) = −12.59cr(t) + 5.4589 (26)

where σyeo is the yield strength of steel before corrosion, and cr(t) is the corrosion rate,
which can be determined as follows:

cr(t) =
dCr(t)

dt
= Kntn−1. (27)

6. Risk-Cost Optimization

Each item in Equation (1) can be developed based on Equations (2)–(27). A compu-
tational procedure of optimization was developed, as shown in Figure 4. The stochastic
models of R(t), including MR(t), VR(t), ∆S(t), D(t), and C(t), were used as inputs. The
optimization steps shown in Figure 4 are summarized as follows:
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1. Set lifetime tL, the failure cost of each failure mode at initial time Cjk0, the interest rate
r, and the total number of failures mode Nm.

2. Formulate stochastic models of R(t) for different failure modes, as listed in Section 4.
3. Set the total number of maintenance times Nr and let i = 1.
4. Set an initial time, t0 = 0. Then, set the maintenance time for bridge tr = t0

5. Let ∆t = tL
Nr

and ti = ∆t + ti−1.
6. For a given time tr, calculate the probability of failure for each failure mode p f (tr − ti)

based on Li and Melchers [29], the probability of failure for each component p f s,c(tr − ti)
and bridge system p f s,s(tr − ti) using Equations (2)–(5).

7. Check the constraints shown in Equation (1). If the constrain is not satisfied, repeat
step (3) with a different Nr until the constrain is satisfied. Otherwise, go to step 8.
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8. Rank p f (ti − tr) for all failure modes and p f s,c(tr − ti) for the system. Based on the
ranking, the critical component and its failure mode can be determined. This step
determines the repair location (based on the component).

9. For the critical component identified in step 8, determine the cost of failure Cjk =

CJK0(1 + r)ti .
10. Calculate the risk, p f s,s × Cjk, where p f s,s is determined in step (4) and Cjk is deter-

mined in step (7).
11. Reset the process, namely, for the critical component, let p f (ti) = p f (t0) for all its

failure modes. It is assumed that when a critical component has been repaired (e.g.,
strengthening has been carried out on bridges), the probability of failure for its failure
mode is reduced to the value at the initial time.

12. Let tr = ti
13. Let i = i + 1. Repeat steps (4)–(12), until all the maintenances are completed, i.e.,

i = Nr.
14. Repeat steps (2)–(13) for a range of Nr values and find the optimum value correspond-

ing to the minimum risk: output Nr and p f s,c for each component.

The search for Nr with given constraints is an iterative procedure. Based on Baji
et al. [16], the Genetic Algorithm method [16] is an efficient method in finding the optimum
of complex problems with nonlinear constrains. Thus, in this paper. the flowchart in
Figure 4 was coded using the Genetic Algorithm through MATLAB. As inputs, tL, Cjk0 and
r are case-specific with values summarized in Section 7 for the case study bridge. Nm = 9
in this study. Since the maintenance of bridge is generally carried out every 5 years, the
initial value of Nr can be determined by letting Nr =

tL
∆t , where ∆t = 5 [40].

7. Working Example

Configuration of the structural system. The proposed methodology was applied to
a railway bridge as a working example. Maintenance had just been carried out for the
bridge and it was assumed that the bridge would last for a further 60 years. Thus, tL = 60
(years). The railway bridge had one span, and the length of the span was 12 mm. The
bridge contained two supported girders, as shown in Figure 1a. The geometry of girder is
shown in Figure 1b. The flange width and thickness were 229 and 19.6 mm, respectively.
The web depth and thickness were 572 and 11.9 mm, respectively. These parameters were
treated as normally distributed variables to consider the changes in the cross-section along
the girders. The coefficient of variance (COV) for these parameters was 0.02 based on Li [2].
The girders were made of G250 low carbon steel with average yield strength (σyeo) of 320
MPa before corrosion and an elastic modulus of 210 GPa. They were normally distributed
random variables, with both COVs equal to 0.02 to consider the uncertainties due to steel
manufacturing tolerances [2].

The deck slab was 2.5 m wide and 305 mm thick with a specific concrete strength
of 34.5 MPa. Reinforcing steel was Grade 40. Diffusion coefficient D f for chloride was
determined as 31.5 mm2/year [38]. The coefficient followed lognormal distribution with
COV of 0.20. The cover thickness of slab reinforcement c was 30 mm, which followed
normal distribution and had a COV of 0.02 [38]. Surface chloride content C0 was 0.8% with
COV of 0.5, following lognormal distribution [38].

Bridge load modeling. The loading needed to be determined for the bridge girders.
Based on the Department of Railway Transportation data, the superimposed dead load
on the girder (including the self-weight of the deck, the railway ballast and track, and the
weight of overhead structures) was determined to be 19.2 kN/m. Trains operating on the
viaduct had four motor cars and two trailer cars. The axle load was 118 kN for a motor car
(P1) and 108.5 kN for a trailer car (P2) for the tracks, as shown in Figure 5. The frequency of
the train was 80 per day with COV of 0.05 [2].
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Based on the above information, Ms and Vs were determined as follows:
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)
(29)

where l is the length of the girder, q is the uniform disturbed load calculated based on the
self-weight of the girder and superimposed dead load (19.2 kN/m). x1, x2 and x3 were
determined based on Figure 5, and were 2.2, 6.9,and 9.1 m, respectively. Also, Mmax = Ms

and Mmin = ql2

8 to determine the mean stress effect in Equation (20) for fatigue damage
calculation.

For deflection failure, ∆S was calculated as follows:

∆S(t) =
P1l3

48EI(t)
+
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l
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2
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2
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+
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2
]

48EI(t)
(30)

where E is the elastic modulus of steel and I(t) the second moment of inertia of the girder
cross-section at time t. All the basic variables are summarized in Table 1.

Table 1. Values of basic variables.

Symbol Parameter Statics Distribution Mean COV Resource

C0 Surface chloride content

Lognormal distribution

0.8% 0.3
[38]D f Diffusion coefficient 31.5 0.2

K Model parameter of corrosion 0.0802 mm 0.15 [41]
n Model parameter of corrosion 0.593 0.01

bf Flange width at t = 0

Normal distribution

229 mm 0.02

Data from the
Department of Railway

Transportation

df Flange thickness at t = 0 19.6 mm 0.02

bw Web length at t = 0 572 mm 0.02

dw Web thickness at t = 0 11.9 mm 0.02

c Cover thickness of slab
reinforcement 30mm 0.02

f Train frequency 80 per day 0.05

E Elastic modulus of girder steel 210 GPa 0.02

σyeo Yield strength of steel at t = 0 320 MPa 0.02

q Imposed load on girder

Constant

0.92 kN/m2 -

P1 Axle load for a motor car 118 kN -

P2 Axle load for a trailer car 108.5 kN -

l Total length of the girder 12 m -

CO
Critical threshold chloride

concentration 0.05% - [38]

Probability of failure prediction. Based on the basic variables summarized in Table 1,
the probability of failure of each failure mode was determined. In detail, for flexure failure,
M(t) was determined by Equations (11), (23) and (24) based on the geometry and yield
strength of the girder summarized in Table 1. Ms was determined by Equation (28). For
shear failure, V(t) was determined by Equations (13), (23) and (24) based on the geometry
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of web and yield strength of the girder summarized in Table 1. Vs was determined by
Equation (29). For deflection failure, ∆S(t) was determined by Equations (23) and (30), and
∆R was determined as 0.019 m (l/640).

For fatigue failure D(t), n(t) were determined by Equation (17) based on the load
frequency. A(t) and B(t) were determined by Equations (25)–(27). E[S(t)] was determined
by Equations (18)–(20), and (26) based on parameters in the corrosion model, sectional
geometries, the maximum and minimum bending moment for girder. For chloride attack
C(t) was determined based on Equation (22). The statistics of M(t), V(t), ∆S(t), D(t), C(t)
were obtained using Monte Carlo simulation. A sample size of 1,000,000 was found to
achieve a reasonable accuracy (convergence) in simulating each parameter [2].

With variables given in Table 1 and the above preparations, the probability of failure of
different failure modes was determined by Li and Melchers [29] over time. The probability
of failure of each failure mode was the same for the two girders as they were subjected to
identical loading conditions. The corrosion effect on sectional properties and mechanical
properties at any point of time was related to the corrosion effect in previous times [37].
Therefore, there was a high autocorrelation among the corrosion effects at each point in
time, and autocorrelation coefficient ρ was selected as 0.9. It can be seen from Figure 6 that
probability of failure for fatigue was the highest at each time point. This indicated that
fatigue failure is the most critical failure mode for the bridges, and more care should be
taken to protect the girder from fatigue damage. The changes in probability of failure for
different bridge components (i.e., girders and deck) and the entire bridge system were then
determined based on Equations (2)–(5), with the results shown in Figure 7.
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Development of maintenance strategies. A risk-cost program was used to minimize
the risk based on Figure 4 and a developed MATLAB code. The program determined
the number and period of maintenance that minimized the total risk of steel structures.
As inputs for the program, the lifetime of steel structures tL was 60 years. The cost of
failure Cjk0 at initial time was USD 5,000,000 for each failure mode of the girder and USD
79,000 for the deck [42,43]. The interest rate r was 2% [16,44]. The optimization program
ran for a range of Nr values and the results are shown in Figure 8. Based on Figure 8,
nine maintenance actions could be performed to minimize the risk, e.g., Nr = 9, and the
period of maintenance ∆t was 6 years. The location of each maintenance is summarized
in Table 2. Primarily, the maintenance of girders against fatigue failure could be carried
out by fixing fatigue cracks, removing rust, and using fiber-reinforced plastic to strengthen
the bridge girder at mid-span, with details summarized in Aidoo et al. [45]. Moreover,
spraying alkali-metal salts (e.g., NaHCO3) on the concrete surface could reduce the chloride
concentration [46] and maintain the deck against chloride attack.
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Table 2. Optimized maintenance strategy.

Number Time (Years) Component Failure Mode

1 6 Girders 1 and 2 Fatigue

2 12 Girders 1 and 2 Fatigue

3 18 Deck Chloride attack

4 24 Girders 1 and 2 Fatigue

5 30 Girders 1 and 2 Fatigue

6 36 Deck Chloride attack

7 42 Girders 1 and 2 Fatigue

8 48 Girders 1 and 2 Fatigue

9 54 Deck Chloride attack

8. Limitations

Although the study proposed a maintenance strategy for bridges, there are still several
limitations. Firstly, the autocorrelation coefficient ρ was assumed to be 0.9 in the failure
probability calculation for each failure mode. Technically, ρ needs to be determined by
measuring the corrosion effects (corrosion loss, degradation in yield strength and fatigue
strength) of the bridge at different times and calculated based on Li and Melchers [34].
Thus, future works will be carried out to measure the corrosion effects for bridges and



Sustainability 2022, 14, 436 14 of 16

acquire a more reliable ρ value. Secondly, the loading S was treated as a deterministic value
in calculating the probability of failure for each failure mode. In future work, it will be
worthwhile to treat structural resistance S(t) as a stochastic process and consider various
factors influencing S(t). Thirdly, the probability of failure was determined by assuming that
the structural components and failure modes were probabilistically independent. However,
there is a correlation among different structural components and failure modes (e.g., the
correlation between flexure and shear failure mode is high as they are determined using
the same girder’s loading condition). This correlation needs to be considered in future
studies. Fourthly, it was assumed that the probability of failure for the critical component
was reduced to the value at the initial time of repair in the risk-cost optimization algorithm.
This is not realistic, and more work needs to be carried out to determine the changes in the
probability of failure after repairing.

9. Conclusions

This paper developed a maintenance strategy for deteriorated bridges based on risk-
cost optimization. Five failure modes were considered for the deteriorated bridge, including
flexure, shear, deflection and fatigue failure of the girder, and chloride attack on the concrete
deck. The first passage probability theory and system reliability analysis theory were then
used for the time-dependent reliability of bridges considering the failure modes of girders
and decks. The degradation effect of corrosion on the mechanical properties of the bridge
was considered in the reliability analysis. A risk-cost optimization program was then
applied to find the maintenance strategies leading to the minimum risk. This method was
applied to a working example. It was found, through reliability analysis, that the bridge
was more vulnerable to fatigue failure on the girders, compared with other failure modes.
It was also found that the developed maintenance strategy can predict when, where, and
what to maintain for bridges. This will ensure safe and serviceable operation during their
lifespan.
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