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This study aims to develop a bridge maintenance plan in consideration of the resilience
of a road network against natural disasters. Toward this end, the reliability of a road
network is calculated using the failure probability of bridges as an evaluation index.
Bridges are a form of social infrastructure that are essential for maintaining daily
life; however, their repair and reinforcement can cause the partial disruption of road
networks. Nonetheless, insufficient bridge maintenance can cause serious harm to
people in an emergency, such as after an earthquake. Therefore, studies have aimed
to develop long-term plans to minimize the life-cycle cost (LCC) of bridges. Other
studies have measured the probability of bridge failure and developed countermeasures
against natural disasters to improve the reliability and resilience of bridges. Unfortunately,
past studies have focused on these aspects independently of one another, even
though an effective bridge maintenance plan requires them to be considered together.
A plan that both minimizes LCCs and improves resilience is expected to be useful for
sustainable bridge management. We search for candidates for optimal plans for long-
term bridge maintenance by using a genetic algorithm (GA). The proposed method
has three objectives: (1) minimization of bridge repair and reinforcement costs, (2)
minimization of disruption to social activities (i.e., user cost) due to bridge maintenance,
and (3) maximization of resilience against natural disasters. First, the GA is used to
search for a plan with minimized maintenance cost and a flexible work period by
considering the uncertainties related to bridges. The remaining indices are optimized
based on the flexible period. The resilience of bridges is measured through Monte Carlo
simulations by using the failure probability based on the bridge state at a certain point.
Numerical experiments are conducted to demonstrate the usefulness of this method for
establishing a sustainable bridge maintenance plan.

Keywords: bridge management, maintenance plan, optimal scheduling, reliability analysis, resilience, genetic
algorithm

INTRODUCTION

Sustainable bridge management is necessary for maintaining daily life and social activities.
Unfortunately, bridge networks are managed on limited budgets. Thus, a management plan that
minimizes the bridge repair cost (i.e., life-cycle cost, LCC) is essential. Developing a medium- and
long-term plan is effective for estimating maintenance costs for ensuring the safety of a bridge,
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and it is expected to reduce the LCC by prolonging the lifespan of
the bridge. Further, this type of plan is optimized to maximize
the safety and reduce the LCC in consideration of factors
such as repair methods, working years, and number of bridges.
Therefore, a genetic algorithm (GA), which is effective for solving
combinatorial optimization problems (Goldberg, 1989), has been
applied to develop an optimal plan (Furuta et al., 2006a).

The concept of resilience has attracted much attention in
relation to infrastructure since the Great East Japan Earthquake
of March 2011. The resilience of a bridge network depends
on not only the capacity for maintaining its normal functions
in any situation but also the capacity for rapidly restoring
them in the event of an interruption (Bruneau et al., 2003).
Various quantitative studies have investigated the resilience of
bridge networks against natural disasters. However, few studies
have investigated indices of resilience that are applicable to the
medium- and long-term scheduling of maintenance works for a
bridge network (Yang and Frangopol, 2019). Medium- and long-
term plans should include measures to handle a natural disaster.
Many routes are closed when performing bridge maintenance
works. If a natural disaster occurs during this time, rapid
emergency recovery will be hindered regardless of the damage
scale. Therefore, medium- and long-term plans that enable
activities for restoring resilience are essential for sustainable
bridge management.

This study proposes new indices of resilience that are
applicable to the medium- and long-term scheduling of
maintenance works for a bridge network. The working
probability of emergency network recovery and the distance
from a recovery base to stricken areas are calculated based on
a reliability analysis of a bridge network. Then, these values are
used to calculate the proposed indices of resilience. Such indices
are expected to be useful for identifying bridges that should be
prioritized for restoration work and for evaluating annual budget
allocations. As a first step toward this end, this study investigates
the relationship between resilience and user cost, a social loss,
under a minimized maintenance cost. Numerical examples using
a 20-bridge network are presented to verify the usefulness of
the proposed indices for developing medium- and long-term
maintenance plans.

BRIDGE MANAGEMENT AND
RESILIENCE AGAINST NATURAL
DISASTERS

Sustainable Bridge Management
A bridge network is an essential social infrastructure for daily
life. Bridge management plays an important role in maintaining
this infrastructure. Periodic inspection of bridges is effective for
evaluating their safety. Unfortunately, limited annual budgets
are generally available for conducting bridge repairs. Therefore,
medium- and long-term bridge management plans are useful
for reducing maintenance costs and maintaining bridges safely.
Bridge maintenance is classified as preventative or reactive
maintenance depending on whether it is performed before or

after the safety of a bridge is reduced, respectively. Preventive
maintenance increases the number of repairs performed;
nonetheless, it is relatively cheaper than reactive maintenance.
The condition of a bridge must be understood well for
performing preventative maintenance. In particular, medium-
and long-term management plans have proved to be effective for
increasing the transparency of the need for bridge maintenance.
Therefore, various studies have been conducted on bridge
management (Doebling et al., 1998; Furuta et al., 2006a).

Studies have investigated the scheduling of bridge
maintenance works to improve various aspects of bridge
management, such as the maintenance cost, influence of
maintenance works on bridge users (i.e., user cost), and
safety. For example, studies on optimizing maintenance
schedules have examined the minimization of various costs
(Frangopol et al., 2001) and uncertainties such as changes
in the deterioration rate (Furuta et al., 2013). Many studies
have adopted a method that defines the LCC by weighting
the maintenance cost and the user cost (Shinha et al., 2009).
Uncertainties such as changes in the deterioration rate were
handled as an evaluation index or as a constraint condition
(Bukhsh et al., 2020). Then, an optimal solution was obtained by
considering multiple indices or constraint conditions. Another
approach optimized each index in stages without weighting the
maintenance cost and user cost (Ishibashi et al., 2013). In this
approach, a preventive maintenance plan was developed subject
to a minimum maintenance cost set previously. In a preventive
maintenance plan, a maintenance work is implemented during a
period in which a bridge part has safety. That is, a maintenance
work has a grace period until the time that the safety of a part
is lost. This approach optimized the maintenance schedule by
reducing the user cost and reducing the influence of uncertainties
by using the grace period of work.

In this light, the present study examines the scheduling
of maintenance works in medium- and long-term bridge
management plans. The risk of large-scale natural disasters
such as earthquakes has not been examined sufficiently in the
optimization of such plans because the scale of loss due to such
disasters is much larger than the maintenance cost. Therefore,
this study examines a method to minimize the risk of natural
disasters based on the approach of Ishibashi et al. (2013).

Resilience Against Natural Disasters
The concept of resilience for taking countermeasures against
large-scale disasters such as earthquakes and tsunamis has
attracted much attention since the Great East Japan Earthquake
of March 2011. Resilience generally refers to the capacity for
maintaining the original functional state and the ability to repair
damage to restore this state. In the specific context of the present
study, Holling (1973), Birkmann (2006), and Norris et al. (2008)
discussed the definition of resilience and suggested that resilience
implies the ability to restore a system to its original state even if it
is damaged in a disaster. In this regard, resilience against natural
disasters includes countermeasures such as preemptive disaster
prevention, disaster reduction (i.e., reactive maintenance of a
system), and the ability to repair damage to restore the original
state via the flexible handling of unexpected damage.
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Various studies have examined quantitative measurements
of resilience against natural disasters. For example, Bruneau
et al. (2003) stated that resilience against natural disasters
involves the “4R” elements, namely, robustness, redundancy,
resourcefulness, and rapidity. Based on these 4R elements, Furuta
et al. (2014) proposed an index for quantitatively evaluating the
resilience of a road network. Furthermore, Yang and Frangopol
(2019) investigated the optimization of a management plan by
defining an index of resilience with a focus on the deterioration
curve of a structure. Existing studies have considered resilience
quantitatively when developing plans. This study proposes
indices of resilience for scheduling medium- and long-term
maintenance works based on an analysis of the reliability of
a bridge network.

DEVELOPMENT OF BRIDGE
MANAGEMENT PLAN

Problem
The target problem is a maintenance schedule for a coastal road
network consisting of 20 concrete bridges, as shown in Figure 1.
Each bridge consists of six components, as shown in Figure 2.
The scheduling period is 100 years.

Deterioration Model of Bridge Components
This study uses the bridge model applied in Nakatsu et al. (2011).
The degradation model refers to the study by Furuta et al.
(2006b). In this degradation model, the structural performance
of a part deteriorates over time; the degradation process consists
of the latency phase, progress phase, and accelerated phase. The
degradation phase changes according to turning points T0, T1,
and T2 shown in Figure 3A. These turning points depend on
the extent of the influence of external environmental factors
such as chloride attack. As shown in Figure 4, the stronger
the chloride attack, the shorter the intervals are among turning
points. In this study, the performances of a pier and a reinforced
concrete slab were evaluated based on this degradation system.
The degradation of a shoe and a steel girder does not depend
on external environmental factors, as shown in Figure 3B. The
performance of the shoe is 1.0, and the number of years for which
it has been used is less than the service life of the rubber bearing.
The performance of the steel girder is maintained while its surface
coating remains undamaged. In addition, the importance of a
given bridge in the road network is randomized.

Life-Cycle Cost
As defined by Nakatsu et al. (2011), this study considers the
LCC to be the summation of several annual costs such as the
construction cost and user cost. Figure 5 shows a breakdown of
the construction cost. The construction cost is defined according
to the Cost Estimation Standards for Civil Construction
(Ministry of Land, Infrastructure, and Transportation [MLIT],
2001). The direct construction cost is adopted as the construction
cost. The direct construction cost consists of material, labor,
and scaffold costs. In particular, material and labor costs depend
on the maintenance plan. The user cost is the cost incurred

FIGURE 1 | Road network.

when a bridge is not available. For example, bridge users are
diverted to different routes while a bridge is under maintenance.
The social loss caused by maintenance works cannot be ignored
in the long-term use of a bridge. Therefore, the maintenance
plan must include the user cost in the LCC (Bai et al., 2013).
In keeping with Furuta et al. (2010), this study considers the
user cost in medium- and long-term plans. The performance
deterioration of each component can be recovered or prevented
through repairs and reinforcement. For example, bearings, steel
girder paint, and exchange slabs are repaired or restored in
shoes, girders, and slabs, respectively, for maintaining them. The
repair cost is estimated by adding the construction cost, which is
determined by the area of a component and the repair method,
to the scaffolding cost. A scaffold can be shared among multiple
components when they are repaired in the same year. Basically,
the scaffold required by certain components can be shared with
other components below it.

Problem Setting
In maintenance planning, the safety of all components must
be maintained during their service lifetime. This study set
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FIGURE 2 | Bridge model.

FIGURE 3 | Deterioration model of bridge. (A) Degradation model, and (B) Service life model.

a service lifetime of 100 years. Therefore, the plan must
minimize the maintenance cost under these conditions. The
maintenance cost is calculated based on each individual bridge
component as follows:

Total maintenance cost=
100∑
t=1

20∑
b=1

6∑
p=1

annual maintenance costt,b,p

(1)
The user cost of the bridge network is calculated as follows:

Total user cost =
100∑
t=1

annual user costt (2)

Equation (3) gives a constraint condition on the safety
performance. The safety performance of a bridge component is
required to be at least 0.8, as per Furuta et al. (2006b). This is
because this study aims to verify the usefulness of the proposed

indices of resilience through numerical examples.

Annual performance of bridge partt,b,p ≥ 0.8 (3)

This value should be determined on the basis of safety required
in the real-world maintenance management.

Evaluation of Resilience for the Bridge
Network
This study proposes indices of resilience based on the reliability
analysis of a bridge network. Specifically, it develops indices of
resilience for robustness and rapidity. To evaluate the resilience
in emergency recovery against seismic disasters, this study
examines whether the bridge network shown in Figure 6 with
a base at node 13 works. The network state is determined
by the connection from base node 13 to terminal nodes 1,
5, 7, 15, 22, 23, 25, and 27. To reach a terminal node from
the base node, a restoration team has to cross a bridge, as
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FIGURE 4 | Example of degradation.

FIGURE 5 | Breakdown of construction cost.

shown in Figure 6. If even one path between the base node
and each terminal node is disconnected, the road network
is considered to not be working. The distance between all
nodes is set to 1, and the difference in minimal distances
between normal and damaged states is calculated. Furthermore,
the reliability of the road network in a day is calculated
by aggregating the working states of the network and the
differences in distance in a Monte-Carlo simulation. The working
probability of the road network is calculated from aggregated
simulation results. Moreover, from the simulation results, the
mean of the difference between the minimal distances in
the normal and the damaged states is used as the average
moving distance.

Indices of resilience are defined using the results of the
reliability analysis of a road network during the term of the

maintenance plan. In this study, large-scale seismic disasters may
occur more than once because the term is 100 years. Therefore,
the reliability of a road network under a daily work plan is used
to calculate the indices. In this case, a bridge (link) that is under
maintenance is impassable regardless of its damage state for that
day. As shown in Figure 7, the index of robustness (hereafter,
simply “robustness”) is defined as the summation of the working
probability per day as follows:

Robustness =
100∑
t=1

365∑
d=1

Working probability of a road networkt,d

(4)
In addition, the index of rapidity (hereafter, simply “rapidity”) is
defined as the summation of the average moving distance per day
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FIGURE 6 | Problem setting for emergency recovery.

FIGURE 7 | Index of robustness.
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as follows:

Rapidity =
100∑
t=1

365∑
d=1

Average moving distancet,d (5)

The larger the value, the more resilient the robustness becomes.
However, the smaller the value, the more resilient the rapidity
becomes. The resilience of the bridge maintenance plan is
calculated by using these indices.

Optimizing a bridge maintenance schedule requires enormous
computation time to run parallel simulations to analyze the
reliability of the road network using a daily work plan. Thus,
this study created a database of previous simulation results
with various working patterns. In the Monte-Carlo simulation,
every link has a set failure probability. For example, the failure
probability of a bridge link was set as 5%, whereas that of a road
link was set as 30%; this is because roads may become impassable
due to damage such as neighboring structures collapsing, whereas
bridges do not. The probability of each bridge link did not change
depending on the safety performance because the constraint
conditions were set to ensure the safety of all bridges. Moreover, a
bridge link under maintenance becomes impassable, as described
above. The upper limit of the number of bridges being repaired
per day was set to six. This is because the road network hardly
worked when seven or more bridges were being repaired. From
1,000 Monte Carlo simulations, the working probability of cases
without impassable bridges was 91.2% and the average moving
distance was 13.306. Table 1 shows the simulation results of
patterns with one impassable bridge. From these results, bridge
6 was found to have the strongest impact on the resilience of the
road network among the 20 bridges.

TABLE 1 | Simulation results of patterns with one impassable bridge.

Impassable bridge Working prob. Avg. distance

None 91.2% 13.306

1 91.3% 14.989

2 79.3% 21.863

3 88.5% 16.981

4 89.5% 17.008

5 91.1% 14.297

6 59.5% 32.566

7 87.5% 22.129

8 80.2% 20.926

9 89.2% 18.596

10 86.0% 16.463

11 89.2% 17.081

12 92.1% 15.225

13 90.6% 16.125

14 90.2% 14.713

15 82.4% 22.392

16 92.6% 14.030

17 88.2% 18.187

18 85.0% 19.744

19 86.1% 21.887

20 80.6% 19.945

SCHEDULING A MAINTENANCE PLAN
USING A GENETIC ALGORITHM

Studies have already applied various improved GAs and multi-
objective GAs to maintenance scheduling (Furuta et al., 2006b).
The present study uses the improved GA proposed by Ishibashi
et al. (2013) to compare several patterns of evaluation indices and
to verify the applicability of these indices of resilience.

Scheduling a Maintenance Plan With
Flexibility Against Changes of Situations
Based on the method of Ishibashi et al. (2013), (1) this
study makes a preventive maintenance plan with minimized
maintenance costs (direct construction costs are shown in
Figure 5). Then, (2) indices on resilience are optimized in
periods when an implemented year of work is changeable
(hereinafter, referred to as “flexible periods”) derived from
preventive maintenance.

(1) In scheduling a preventive maintenance plan, the
minimized maintenance cost of each bridge, as given by Eq.
(1), was previously calculated using a GA. Here, the safety
performance given by Eq. (3) is used as the constraint condition.
Next, under the constraint conditions with the minimized
maintenance cost of each bridge, the safety performance and
the length of flexible periods are maximized using the GA
to schedule maintenance works for each bridge. A flexible
period of work refers to a period in which an implementation
year can be changed without changing the maintenance cost
while maintaining the safety performance. In this method, the
flexible period uses preventive maintenance, that is, maintenance
performed ahead of schedule. In this manner, a preventive
maintenance plan is developed for each bridge.

(2) For optimizing the indices of resilience, first, the GA
decides the month in which each work is implemented during the
flexible period. Then, the indices of resilience given by Eqs (4) and
(5) and the user cost given by Eq. (2) are calculated according to a
monthly work plan. Then, the results with each optimized index
are compared. In this manner, this study verifies the usefulness of
the proposed indices on resilience based on a reliability analysis
of the bridge network.

Optimization in Flexible Periods Using a
Genetic Algorithm
In the optimization, a genetic array is created according to the
number of works in the maintenance plan, and it is decoded by
following the rule shown in Figure 8. In addition, this method
considers the influence of simultaneous works on the user cost
and indices of resilience by treating the implemented month of
work as a design variable. Changing years of work is converted
into a real value in the range [0, 1] from a binary array, as shown
in Figure 8. This is because a genetic array with integer values is
not suitable for genetic operators such as crossover and mutation.
The changed years of work are obtained by multiplying the length
of the flexible periods by this value. Uniform crossover is adopted
as the crossover operator, and mutations occur by randomly
changing the value. The fitness of an individual is determined by
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FIGURE 8 | Coding rule for flexible periods.

FIGURE 9 | Determination of fitness.

following the rule shown in Figure 9. The user cost and indices of
resilience are used as the sorting indices. Different sorting rules
are formulated depending on the purpose of verification.

NUMERICAL EXAMPLES

To verify the usefulness of the proposed indices, some numerical
examples are evaluated. First, a preventive maintenance plan with
minimized cost is developed using the GA. Next, the user cost and
indices of resilience are optimized in flexible periods contained
in the preventive maintenance plan. Second-stage optimization is
also performed using the GA; here, the relationship between user

cost and indices of resilience is investigated by applying several
patterns with rules that determine an individual’s fitness.

Minimization of Maintenance Cost
A plan with minimized direct construction cost is developed
using the following procedure:

Step 1. Minimize the cost per bridge (the smallest value
among three trials is adopted)
Step 2. Maximize the safety performance of each
component and the length of flexible periods under
the constraint conditions of minimized cost.
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FIGURE 10 | Part of schedule with minimized construction cost.

In Step 2, the fitness of an individual is determined by
following the rule shown in Figure 9. The first objective is
set as minimizing the violation of cost from the constraint
condition, the second objective is set as maximizing the safety
performance, and the third objective is set as maximizing the
length of flexible periods. In the parameter settings of the
GA, the number of individuals, crossover rate, mutation rate,
and number of iterations are set as 1,000, 60%, 0.5% per
genetic array, and 1,000, respectively. The direct construction

cost of the developed plan was obtained as 3,648,300 million
Japanese yen. The number of works with flexible periods was
248 of 365. The mean length of the flexible periods was
5.279 years. Figure 10 shows a part of the developed plan;
here, the horizontal and vertical axes respectively represent years
and bridge components. The year in which a component has
been worked on is colored according to the repair method. In
addition, the horizontal line extending from a work represents
its flexible period.
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FIGURE 11 | Relationship between rapidity and user cost.

Optimization in Periods of Preventive
Maintenance
This study attempts to optimize indices of resilience and user cost
in flexible periods by using a developed preventive maintenance
plan with a minimized cost. A GA was used for optimizing
the plan. In the parameter settings of the GA, the number
of individuals, crossover rate, mutation rate, and number of
iterations are set as 1,000, 60%, 0.5% per genetic array, and 2,000,
respectively. The patterns for deciding the fitness of individuals
are set as follows:

Pattern 1: minimize only user cost
Pattern 2: maximize only robustness
Pattern 3: minimize only rapidity
Pattern 4: first, minimize user cost, and second, minimize
rapidity
Pattern 5: first, minimize rapidity, and second, minimize
user cost.

Table 2 shows the aggregate results of the best solution of
three trials for each pattern. The underlined values are the best
values of the indices obtained in the numerical examples. First,
compared with pattern 1 (minimize only user cost), patterns 2
and 3 had better indices of resilience. However, the range of

TABLE 2 | Comparison of each pattern.

Pattern Avg. user cost Avg. robustness Ave. rapidity

1. User cost 15,852,576 33,328 355,587

2. Robustness 17,775,223 33,355 352,197

3. Rapidity 17,340,040 33,345 350,261

4. Priority to user cost 15,388,053 33,341 353,611

5. Priority to rapidity 17,305,925 33,347 350,201

Underlines shows the best value of each index.

change in robustness was small. In addition, pattern 3 (minimize
only rapidity) could also improve robustness. Next, in pattern
4, the ranks of fitness among individuals with equivalent user
cost were determined by comparing their rapidity. However, in
pattern 5, the ranks of fitness among individuals with equivalent
rapidity were determined by using the user cost. Figure 11 shows
a scatter plot of the average user cost and rapidity of each pattern.
A comparison of the patterns showed that user cost and indices
of resilience could partly improve an index by improving one
another. However, the best values of the indices had a trade-
off, as shown in Figure 11. In particular, optimization improved
the user cost to a large extent. This is because both user cost
and rapidity were improved by reducing the number of works
per day. Here, because a small road network was considered in
the numerical examples, these indices could indicate a common
trend. Furthermore, indices of resilience were based on the
reliability analysis of the road network. Therefore, indices of
resilience are expected to be applied when re-examining the
importance of bridges and their safety level by investigating paths
that strongly impact emergency recovery. For example, by giving
high priority to a bridge that affects the working probability of a
network and the average moving distance, as shown in Table 1,
the resilience of the road network in the medium- and long-term
is expected to improve.

CONCLUSION

This study proposed indices to measure the resilience against
natural disasters in bridge management scheduling. The
proposed indices are defined based on the working probability
of a network and variation of moving distance based on the
reliability analysis of road networks after seismic disasters. As
indices of resilience, the robustness was defined based on the
working probability and the rapidity was defined based on the
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moving distance. By optimizing the user cost and these indices of
resilience using a GA, bridge management plans were developed
for a road network consisting of 20 bridges. The results indicated
that the user cost and indices of resilience had common features.
Both indices were improved by reducing the number of works
per day. However, the best values of the indices had a trade-off.
Therefore, this study indicated that the proposed indices could
improve the resilience of a road network in the medium- and
long-term future.

The development of medium- and long-term plans in
consideration of resilience is a new approach. This study
examined indices of resilience in flexible periods derived from
preventive maintenance. However, a schedule optimized for
resilience against natural disasters has yet to be clarified.
Specifically, the relationship between direct construction costs
and indices of resilience remains unclear. This is because an
index applicable for scheduling an annual maintenance plan
has not yet been defined. The proposed indices were applicable
for scheduling and implementing the year and month of
works in flexible periods. However, the optimization of these
indices requires enormous computation time in scheduling an
annual plan. Therefore, future studies must develop a new
index applicable for scheduling annual plans and improve the
computational efficiency.
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