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This paper presents a practical approach for prioritization of bridge maintenance within a given bridge network. The maintenance
prioritization is formulated as a multiobjective optimization problem where the simultaneous satisfaction of several conflicting
objectives includes minimization of maintenance costs, maximization of bridge deck condition, and minimization of traffic
disruption and associated user costs. The prevalence of user cost during maintenance period is twofold; the first case refers to the
period of dry season where normally the traffic flow is diverted to alternative routes usually resurfaced to regain traffic access. The
second prevalence refers to the absence of alternative routes which is often the case in the least developed countries; in this case the
user cost referred to results from the waiting time while the traffic flow is put on hold awaiting accomplishment of the maintenance
activity. This paper deals with the second scenario of traffic closure in the absence of alternative diversion routes which in essence
results in extreme user cost.The paper shows that the multiobjective optimization approach remains valid for extreme cases of user
costs in the absence of detour roads as often is the scenario in countries with extreme poor road infrastructure.

1. Bridge Maintenance Management Problem

The Tanzania Roads Agency (TANROADS) has developed
a bridge maintenance management system called TAN-
BRIDGEMAN, which in its current version of 2002 has the
following features:

(i) annual bridge inventory data;
(ii) bridge inspection data (which incorporates condition

rating of critical components of the bridge and rec-
ommendation on remedial measures);

(iii) maintenance cost computations.

TANBRIDGEMAN however prioritizes the maintenance on
basis of the condition rating and maintenance cost only. The
discussion at hand is to expand the maintenance prioritiza-
tion by incorporating user cost.

In any facility management scenario, such as in bridge
management system, the issue becomes how to prioritize

bridge maintenance by satisfying three conflicting objec-
tives simultaneously. The three types of targeted objectives-
oriented prioritization are the following:

(1) damage condition rating-based prioritization: the
projects will be ranked in terms of condition rating;
that is, the project with the highest condition rating
(the most damaged condition state) will be given first
priority;

(2) maintenance cost-based prioritization: the projects
will be ranked in terms of maintenance cost; that is,
the projects with the lowest maintenance cost will be
given first priority;

(3) user cost-based prioritization: the projects will be
ranked in terms of user costs; that is, the projects with
the highest user cost will be given first priority.
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Thus, these three major objectives in a BMS are conflicting
(competing) with each other so that in this bridge manage-
ment problem it is necessary to find an “ideal solution” that
is considered to be a satisfactory trade-off between the three
conflicting objectives.

This ideal solution is defined as the solution that yields
minimum (or maximum) values for all criteria in the con-
flicting objectives. In other words, we need to develop a
multiobjective optimality index. This index can then be used
as an effective optimality criterion for the prioritization of
deteriorated bridge component for maintenance [1].

2. Bridge Performance Model

Condition assessment of bridge structures is a key in detect-
ing the degree of deterioration with respect to the bridge in
its original conditions.

We need to predict the rate of deterioration (transition)
of a bridge component within the bridge network.

From the historical data obtained from the regular con-
dition rating of a bridge component, prediction of the bridge
condition index (BCI) can be computed using the transition
probability [2–4], which is generated from the data collected
during bridge inspections and is presented in form of a
damage state matrix/vector as follows:

pt = po𝑃
𝑡

𝑖
, (1)

where the vector po defines the initial state damage po =

[𝑝
𝑜
(𝑖)] 𝑖 = 1, 𝑏, where 𝑝
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𝑖 at time 𝑡 = 0. Usually, the damage rating is 𝑖 = 1–9, whereby
if a bridge component is categorized as state number 1 it
means that the component is in its pristine state (undamaged
condition) while condition state number 9 refers to the most
damaged condition.
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state 𝑖 after time interval 𝑡 and is defined as
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where 𝑡 is the time in years.

3. Maximization of Condition Rating

In many bridge management systems (BMS) the condition
state of a specific bridge element, for this case the bridge
deck, is evaluated and assigned a condition number. To this
effect the inspector rates the condition of the bridge deck and
assigns condition ratings of the deck. This condition rating
consists ofmapping of the level of the observed damage in the

structure during visual inspections and nondestructive eval-
uation (or predicted using empirical or statistical methods)
onto a discrete 1 to 9 rating scale.The condition state variation
with time is then analyzed on basis of the historical condition
data, usually on the basis of a discrete-time discrete-state
assumption, using the Markov chains models [5, 6]. This
analysis leads to the establishment of transition probabilities
which can be used to predict future bridge conditions [7].

The objective of condition rating, therefore, is targeting
the maximization of the condition and performance of a
bridge component.

4. Minimization of Maintenance Costs

We need to establish the maintenance cost of each project
(individual bridge component within the network), which
is dependent on the level of deterioration at the time the
maintenance operation is conducted.

From experience it is possible to predict the maintenance
costs to raise the condition index of a bridge component
condition from 𝑗 to 𝑖 (𝑖 > 𝑗). To this effect the projects
are ranked in terms of increasing costs for maintenance,
whereby the higher the condition index predicted the higher
the expected maintenance costs.

The objective is to prioritize the project with the least
maintenance cost.

5. Minimization of User Costs

In developed countries the incorporation of user costs in
the Euclidean model is usually based on the additional costs
incurred by traffic using the alternative diversion routes as a
result of bridge closure until the accomplishment of themain-
tenance activity. Formost developing countries, however, this
option of diversion routes is often not available so that the
user cost in question refers to the social cost incurred while
traffic flow is put on hold awaiting accomplishment of the
maintenance activity.

The user cost is assumed to represent the sum of all costs
incurred by the users during the maintenance activity and to
depend primarily on the duration of themaintenance activity
[1].

The objective is to prioritize the project with the highest
user costs.

6. Multiobjective Optimization Problem

The concept of maintenance optimization problem is for the
bridge owner or bridge manager seeking to satisfy simulta-
neously several objectives, such as improvement of bridge
safety, minimization of maintenance costs, andminimization
of user costs. The solution of this maintenance management
problem can be obtained using the techniques of multicri-
teria or multiobjective optimization. However, the notion of
optimality is not obvious because of the presence of multiple,
incommensurable, and conflicting objectives, so that there
is no single optimal solution that yields simultaneously the
desired minimum (or maximum) for all objective functions.
To this effect a Pareto optimality concept was introduced as
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a solution to multiobjective optimization problems [8, 9],
which targets obtaining a maintenance strategy 𝑥∗ as the
Pareto optimum. Mathematically, the multiobjective mainte-
nance optimization can be stated as follows.
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where 𝑥∗ is the vector of optimum solutions, 𝑁 is the
entire set of bridge components, 𝑓 is the vector of optimum
objectives, 𝐶

𝑚,𝑡
is the maintenance cost of project 𝑥∗

𝑗
at time

𝑡,𝐶max is the available budget, CR is the condition rating, and
Ω is the subset of deficient bridge components.

7. Decision-Making under Multiple and
Conflicting Objectives

Because of the complexity involved in getting the true optima,
compromise solution has been suggested in the literature
(e.g., [10–12], etc.) using a “satisficing” solution that achieves
the best compromise between all competing objectives. It is
the ideal solution that yields minimum (or maximum) values
for all criteria.

Determination of the “satisficing” solution is attained by
minimizing the distance from the set of Pareto optima to the
so-called “ideal solution.”

Amultiobjective index (MOI) has been proposed [8].The
MOI is defined as the value of the weighted and normalized
deviation from the ideal solution 𝑓∗ measured by the family
of 𝐿
𝑝
metrics:
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where 𝑤 values depend on the risk tolerance of the decision
maker in dealing with the objective.The choice of 𝑝 indicates
the importance given to different deviations from the ideal
solution.

8. The Case of Extreme User Costs

For least developed countries roadway networks are very
rudimentary. Taking the case of Tanzania as an example,
we find that because of the absence of functioning railway
line the roadway network is extremely wanting. Tanzania’s
roadway network serves Tanzania as well as the neighboring
countries which include the eastern parts of the Democratic
Republic of the Congo (DRC), Zambia, Malawi, Burundi,
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Figure 1: Sketch of highway network on the Dar es Salaam to
Mlandizi corridor. The sketch of the Dar es Salaam to Mlandizi
transportation corridor.

Rwanda, and Uganda. The Tanzanian road network is such
that if a closure of an artery occurs between Kibaha and
Mlandizi on the Tanzania-Zambia highway in the rainy
season, detours of such a closure, which is normally very long,
become impassable resulting in extreme user cost.

As opposed to deterioration of a patch on the paved
surface (pot holes, etc.), a deteriorated bridge will necessitate
an outright closure of a network artery and, as a result,
it is important to develop a rational method of allocating
resources to bridge maintenance at the network level, that is,
taking into consideration the condition of the bridge and the
criticality of the artery in the roadway network served by the
particular bridge for prioritization through index processing.
Shown in Figure 1 is a schematic of the network of roads for
traffic getting out of Dar es Salaam. As it can be observed
in this sketch the alternative routes are unpaved gravel roads
(dashed lines) with bridges that are not rated for buses and
heavy trucks ferrying cargo to the neighboring countries.

In the study reported in this paper the conditions of
bridge decks between Dar es Salaam and Mlandizi were
rated based on themodel discussed above.Maintenance costs
were determined based on historical data obtained from the
Tanzania Roads Agency (TANROADS).

For this study extreme user cost is estimated as shown
in Figure 2 by considering the fact that there is no diversion
route during the maintenance process taking into account (i)
the waiting time for road users while the traffic flow is put on
hold awaiting completion of the maintenance activity and (ii)
paralyzed economic activities as a result of road closure.

The duration of maintenance based on the BCI has been
established from the TANBRIDGEMAN.

Presented in Table 1 is data for the bridges considered
in this study showing the values of the bridge condition
index, such as the BR-5 which is displayed in Figure 3,
maintenance, and user cost due to bridge closure during the
implementation of the maintenance activity.

Presented in Figure 4 are the normalized values (normal-
ized with respect to the maximum value).

The conflicting nature of the objective functions is evident
in Table 1 and Figure 4 because the project with the highest
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Table 1: Competing objective values for the road section Dar es Salaam-Mlandizi.

Project BCI Duration of maintenance
(hrs) Maintenance cost ($ ‘000) Stranded vehicles

(cars/heavy vehicles) User cost ($ ‘000)

BR-1 2 2.0 40 50/25 50
BR-2 4 4.0 60 250/100 260
BR-3 7 16.0 160 800/480 1100
BR-4 3 11.4 140 560/380 860
BR-5 4 3.6 130 250/100 260
BR-6 5 12.0 170 600/380 900
BR-7 2 3.0 70 120/50 90
BR-8 6 14.0 180 600/400 1220
BR-9 5 12.4 190 600/390 980

∑1,140 ∑ 5,720

Duration of
maintenance (hrs)

Average personal and 

passenger cars only

Average personal and 
business value travel 

trucks

Number of passenger 
cars

Number of buses and 
trucks

Extreme user cost=× ×

business value ($/hr):

($/hr): buses and

Figure 2: Computation of extreme user cost.

Figure 3: The Project BR-5 and part of the deterioration of the bridge deck.

urgency in terms of condition index (project number 3) is
not the same neither in terms of maintenance cost (project
number 9) nor in terms of user cost (project number 8).

9. Decision Making under
Conflicting Objectives

In consideration of excessive user costs the decision for
maintenance under scenario 1 is only sought for bridges
number 1, 2, 5, and 7, whereas the remaining prioritization
is considered for scenario 2.

Using theminimumMOI criterion of (6), the “satisfying”
solution is found to be project number 7 as the one to be
accorded top priority as reflected in Figure 5.

10. Conclusion

This paper provides a feasible approach in bridge deck main-
tenance optimization for accommodating cases of extreme
user costs which is prevalent in areas with extreme poor
road infrastructure.Themaintenance prioritization based on
the simultaneous satisfaction of several conflicting objectives
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Figure 5: Multiobjective-based maintenance prioritization.

is not limited to reasonable user costs but can also include
extreme cases for the scenario of detour roads not being
feasible. The multiobjective optimization approach remains
valid for application on cases of extreme user costs as a
result of traffic flow put on hold to await accomplishment of
maintenance activity.
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