Cost Optimization of Bridge Maintenance

Chunlu LIU
Graduate Student
Nagoya University
Nagoya, Japan

Chunlu Liu, born 1965, re-
ceived his Master Degree of
Engineering from Tongji Uni-
versity in 1988. He is cur-
rently Graduate Student of
Civil Engineering at Nagoya
University. -His research inter-
ests include infrastructure sys-
tems, evolutionary computa-
tion, and informatics.

Amin HAMMAD
Assistant Professor
Nagoya University
Nagoya, Japan

Amin Hammad, born 1963, re-
ceived his Doctor of Engineer-
ing degree from Nagoya Uni-
versity in 1993. He is cur-
rently Assistant Professor of
Civil Engineering at Nagoya
University. His research in-
terests include CAE, environ-
mental assessment, and infras-
tructure management.

Using Genetic Algorithm

Yoshito ITOH
Professor

Nagoya University
Nagoya, Japan

Yoshito Itoh, born 1952, re-
ceived his Doctor of Engineer-
ing degree from Nagoya Uni-
versity in 1985. He is Pro-
fessor of Center of Integrated
Research in Science and Engi-
neering at Nagoya University.
His research interests include
knowledge-based systems and
seismic behavior of structures.

Summary

Maintenance is critical to ensure that bridges are not structurally deficient or functionally
obsolete. By optimizing the maintenance activities under limited maintenance resources,
the bridges are kept in good conditions for service and the conditions can be improved. In
this research; taking the bridge deck as an example, the cost optimization procedure for
the long-term network-level maintenance strategies are presented using genetic algorithm.
The feasibility of this approach is demonstrated using a real-world bridge system.

1. Introduction

According to the White Paper on Construction [1], the maintenance cost of the social
infrastructure in Japan will increase to 50% of total public works investment by 2020.
Since it is impossible to check all bridges in detail every year and the maintenance budget
is limited, there is a growing interest in the cost optimization of long-term maintenance
strategy of bridges. However, this optimization is a challenging task because the number
of possible combinations increases exponentially with the number of bridges, the planning
period, and the number of maintenance methods. In this research, using the bridge deck
as an example, a genetic algorithm (GA) is developed for this optimization purpose.

2. Deterioration Condition and Maintenance Method

In this paper, four maintenance methods are available and defined as follows. (1) Routine
maintenance consists of the tasks that can not change the deck structure and function such
as cleaning and removing snow and ice timely; (2) Repairs are those activities that can be
performed with only partial traffic closure such as patching and sealing; (3) Rehabilitation
involves major repair requiring special efforts and sometimes closure of the bridge to traffic
such as attaching additional longitudinal girders or steel plates; and (4) Replacement is



defined as a complete replacement of the bridge deck such as replacing the concrete deck
by a steel one. It is assumed that only one of these four methods is carried out for one
bridge at the beginning of every year, and rehabilitation or replacement will take place
at most once in 5 years. According to the results of inspection, the conditions of bridge
decks are assessed to be one of five deterioration levels as shown in column (1) of Table
1. Each level is quantified to be a value between 0 and 1 called deterioration degree D
as shown in column (2). The condition description of each level is shown in column (3).
The deck maintenance method of a bridge at one year is randomly selected according to
the deterioration degree as shown in Fig. 1. Four example cases are given in this figure
and will be discussed below. For instance, in the first case, if the deterioration degree is
between 0.3 (D2) and 0.5 (D3) at the end of the second year, the possible maintenance
method at the third year is routine maintenance, repair, or rehabilitation.
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Fig. 1. Range of Deterioration Degree
Table 1. Deterioration Condition for each Muaintenance Method

3. Deterioration and Cost Models

3.1 Deterioration Model
In this paper, a linear deterioration model considering the initial conditions, the yearly
deterioration rates, and the maintenance impacts is adopted as follows [2]:

D(t) = D(0) + Zu X R(A;Tr5) — 3" In(5) 1)

j= j=1 .

where, D(¢) is the deck deterioration degree of a bridge at the end of year ¢ D(0) is
the initial deterioration degree at the beginning of the planning period. R(A;,Tr;) is the
yearly deterioration rate of a concrete bridge deck at year j and is changeable with the
deck age A; and the traffic coefficient T'r; as shown in Table 2. Here, Aj; is the number
of years from the deck construction or replacement year to the maintenance year. T'r; is
the ratio between the predicted maximum traffic volume and the design traffic volume.
The factor 4 reflects the deterioration property of material. In this paper, 1.0 and 1.1 are
applied for the concrete and steel decks, respectively. I,,(5) is the impact on the deck

deterioration degree due to

: . s Traffic coefficient Bridge age A; (Years)
the maintenance activity m Tr; 0~10 [ 10~20 [20~30 |30 ~40 | > 40
at year j as shown in col- 1) (2) (3) (4) (5) (6)
umn (3) of Table 3. The <10 0.000 | 0.020 | 0.025 | 0.030 | 0.035
column (2) of Table 3 shows 1.0~ 11 0.020 | 0.025 | 0.030 | 0.035 | 0.040
an example of the deterio- 11~ 1.2 0.025 | 0.030 | 0.035 | 0.040 |0.045
P > 1.2 | 0080 | 0.035 | 0.040 | 0.045 | 0.050

ration degree range. A fur-
ther study on these ranges
is illustrated in Section 5.

Table 2. Yearly Deterioration Rate R(A;,Tr;)



3.2 Maintenance Cost

The yearly deck maintenance cost of a bridge is calculated using the deck area and the
unit cost of the selected maintenance method. The maintenance cost C of a bridge system
over the planning period is determined at the beginning of the planning period by

C= fj §Tj (1 +7)7t X em(iy 1) x L(3) x W(5)) 2)

i=1t=1
where N is the number of bridges; T'is the length of the planning period; r is the discount
rate that is assumed to be constant during the planning period; cm(4,1) is the unit cost of
maintenance method m used for bridge i at year ¢. The unit costs are based on engineering
experience only and have near linear relationship with the maintenance impacts as shown
in Table 3. L(i) and W (7) indicate the length and width of bridge 4, respectively.

Maintenance method | Deterioration degree | Impact | Unit cost (Yen/m?) | GA code
(1 (2) (3 (4) (5)
Routine maintenance 0.0 ~ 0.8 0.01 500 00
Repair 0.2 ~0.8 0.05 2500 01
Rehabilitation 0.4~ 1.0 0.40 20000 10
Replacement 0.6 ~ 1.0 0.90 40000 11

Table 3. Parameters of Maintenance Methods

3.8  Penalty Costs and Objective Function
"The maximum allowable deterioration degree of a bridge deck is given only according to
its age, and abbreviated as D,,,(A;). Table 4 shows several cases that present Di,q,(A;)
for every age range. The constraints on D,n..(A;) and the maintenance budget B are
considered as penalty costs. The penalty is zero if the constraints are satisfied. The
objective function Z is the sum of maintenance cost and penalty costs:
¥ L D(i,t) — Dpas(A C—-B
Z=Cx(1+px>.>. ( D)ma:::(At)(' ’?+p2x ) (3)

i=1t=1

where D(i,t) is the deterioration degree of bridge 4 at year £. The two penalty costs are
given importance weights of p;
and py for the deterioration de- = Dmas Bridge age A; (Years)

gree and budget penalties, respec- Cas‘; No. 10 ';)10 10 (g’) 20 | 20 (2)30 30 (;) 40 >( 6%0
tively. However, in this paper, the (1) 0(‘40 045 020 075 060
values of p; = p, = 1 are used. 2 045 | 0.50 0.55 0.60 | 0.65
In addition, the deck replacement 3 0.50 0.55 0.60 0.65 | 0.70
will not be adopted for a bridge 4 0.55 0.60 0.65 0.70 1 0.75
that is assessed in deterioration 5 0.60 0.65 0.70 0.75 0.80

levels I and II, and deck rehabil-
itation will not be adopted for a
bridge in deterioration level I.

Table 4. Mazimum Allowable Deterioration Degrees

4. Maintenance Strategy Optimization Using GA

The flowchart illustrating the GA implemented in this study is shown in Fig. 2. The
three numbered modules are the main processes of the G4 and are illustrated as follows.



4.1 Code Design and Population Production of Initial Generation
Because four maintenance methods are avail-

able, the basic string unit of maintenance

method must be represented by two binary Y
. INPUT: Bridge Parameters @
values as shown in column (5) of Table 3. Genetic Agorithm Parameters
The code structure is designed as shown in Doty Parasaiod Paramaters
Optimization Parameters

Fig. 3. The final string consists of many
substrings representing all bridges in a given
order. In a substring, every basic string unit
represents the maintenance method at one

Generating initial Population
Pop(t=0)

year. Furthermore, every basic string unit of [Caleulating Objective Function |

a substring depends on the bits of the pre- >

vious years and partially decides the bits of

the following years. Finally, the two codes of Y ©)

. . . . Reproduci i
every basic string unit are generated simul- [b;%eneléﬁﬁ‘g;ﬁ?lfiﬁﬁtps?ﬁpﬁgs
taneously and selected semi-randomly from

the possible maintenance methods. l Recombining Pop(t) by

Crossover and Mutation
T
{

.2 GA Operators
’?{[‘he selection operator is that the main- ©
tenance strategies whose objective function
values are equal to or less than the aver-
age objective function value of the generation
may survive and those strategies with greater

[ Calculating Objective Function |

[Statistics on GA Performance ]

values are eliminated. Multi-point crossover OUTPUT: Substrings and Strings
is introduced within every substring so that St o togkes

the number of the crossover points is same as
the number of bridges. Once the crossover
points are randomly selected, the parts to
the left of the crossover point in substrings
are retained and the parts to the right are
exchanged. To ensure that the new strings
express feasible maintenance strategies, the
substrings to the right of the crossover point
are verified and regenerated if necessary. Similarly, with a probability of mutation, one
basic string unit is altered into another within every substring. The substrings to the left
of the mutation position are retained, the two bits at the mutation position are mutated

with the feasible values, and the substrings to the right are verified. ’

Convergence Conditions
or Maximum Generation Condition
OK?

Fig. 2. Flowchart of the GA Procedure

Bridge: 1—1 1 141
Method: ... | mp_y | myp my my | e | Mpy | mp my mg
String: . [TJOJOJ1j1]1]0]0 017170 0J1]170

Fig. 3. Coding Structure for Maintenance Strategy of Bridge Decks

4.3 Decoding and Evaluation
After the creation of every generation, by decoding the strings of a population, the mainte-
nance strategies for all bridges are obtained. From these strategies, the number of bridges



and areas of every maintenance method at every year are found, and maintenance costs
and penalty costs are calculated. After many generations, the maintenance strategy with
the minimum value of the objective function will represent a near-optimum solution.

5. Numeric Example and Discussion

'To examine the above approach, the data of 287 bridges (269 with concrete decks, and 18
with steel decks) are obtained from Nagoya City bridge inspection database. The period of
maintenance planning is taken as 5 years in accordance with the maintenance planning of
other infrastructures in Japan. The deck maintenance budget and the maximum allowable
deterioration degree are assumed to be 800 Million Yen and 0.8 (case 5 in Table 4),
respectively. The discount rate is assumed 1.75% per year during the planning period.

A sensitivity analysis is done to check the effects of the population size Pop,, the crossover
probability P, and the mutation probability Pn. It is found that a moderate population
size (50), a high crossover probability (80%), and a low mutation probability (0. 1%) are
good for this GA performance considering % 30 - A A

the convergence requirement and calculation a& - “‘*‘“g - m": ::’m' °'f:’ B
time [3]. Taking the mutation probability E 25T e Pr00S%  —e— P % |]
as an example, its effect on the optimization T ,, e Pm 0%  —— P = 10% |]
procedure is shown in Fig. 4. Using Pop,=50 § ]
and P,=80%, if the mutation probability P,, F 15 [ n .
is high, such as 10%, the minimum objective 2 Ny / ﬁmmm
function values fluctuate because too many 3 'O F ~E :
bits are mutated in every string. On the con- O 05 i R T
trary, the convergence does not approach a 0 20 40 60 80 100
good value for a too low P, such as 0% or Generation Number

0.01%. The value of P,=0.1% gives better Fig. 4. Effect of Mutation Probability
results than other P,, values. (Pops = 50, P, = 80%)

This GA optimization can help the bridge decision maker determine the trade off between
maintenance budget and the deterioration. This can be done by changing the maximum
allowable deterioration degree. Fig. 5 shows the values of the objective function of the
near-optimum strategy for the five cases of D,,..(A;) as shown in Table 4. Three main-
tenance budgets of B; = 600,B; = 700, and Bs = 800 Million Yen are used for the
planning period of five years. It is found that for a given Dinaz(At), the minimum main-
tenance costs are near for different maintenance budgets. Furthermore, the maintenance
cost decreases as the value of D,,,,(A;) increases. For Droz(A:) > 0.7, the value of the
maintenance cost converges to a fixed value (about 680 Million Yen). This means that
0.7 is a reasonable upper limit for the assumed impacts and unit costs of the maintenance
methods. If the maintenance policy is to spend the whole budgets of 700 and 800 Million
Yen, the maximum allowable deterioration degrees are about 0.70 and 0.67, respectively.
Another method to control the maintenance cost is by revising the deterioration degree
ranges of maintenance methods as shown in Fig. 1. Fig. 6 shows that the four example
cases of deterioration degree ranges need different maintenance costs, budget penalty cost,
and deterioration degree penalty cost. In the optimization procedure, the maintenance
budget and maximum allowable deterioration degree are assumed to be 800 Million Yen
and 0.6 (case 1 in Table 4), respectively. The decision maker can select the best case



according to the available budget and deterioration degree penalty cost. In these example
cases, cases 1 and 2 need much higher costs. Case 3 needs about 961 Million Yen and
involves comparatively small penalty costs. In case 4, the maintenance cost is about 758
Million Yen. However, the deterioration degree penalty cost is too large.
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6. Conclusions

In this research, the application of GAs in the long-term maintenance strategy optimiza-
tion of bridge decks has been examined. The following conclusions can be stated:

The coding method was effective in representing and processing the maintenance strategy
optimization problem. All genetic operators were performed by means of two bits. The
initial population was generated semi-randomly according to the deterioration degree of
the previous year. In addition, multi-point crossover and mutation affected every bridge
with the same probability and accelerated the optimization process.

From the sensitivity analysis, a moderate population size (50), a high crossover probability
(80%), and a low mutation probability (0.1%) were found to be suitable values to satisfy
the convergence requirement and calculation time of the optimization procedure. GA op-
timization could find the maximum allowable deterioration degree for a given maintenance
budget. In addition, if this degree is given, the maintenance budget is the maintenance
cost of the near-optimum maintenance strategy. On the other hand, by revising the range
of the deterioration degree for each maintenance method, the decision maker could control
the maintenance cost and the deterioration condition.

References

1) White Paper on Construction: Japan Ministry of Construction, Tokyo, 1994 (in
Japanese).

2) T. J. Jacobs: Optimal Long-Term Scheduling of Bridge Deck Replacemént and Reha-~
bilitation, J. of Transportation Engineering, ASCE, 118(2), pp. 312-322, 1992,

3) Liu, C., Hammad, A., and Itoh, Y.: Maintenance Strategy Optimization of Bridges
Using Genetic Algorithm. The Third Japan Conference on Structural Safety and
Reliability, JCOSSAR’95 (printing) (in Japanese).





