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Abstract: The construction of bridges has been necessary for societies since ancient times, when the
communication between and within towns, cities or communities was established. Until recently, the
economic factor has been the only one considered in the decision-making of any type of construction
process for bridges. However, nowadays, the objective should not be just the construction of bridges,
but of sustainable bridges. Economic, social and environmental factors, which form the three pillars
of sustainability, have been recently added. These three factors usually have conflicting perspectives.
The decision-making process allows the conversion of a judgment into a rational procedure to reach a
compromise solution. The aim of this paper is to review different methods and sustainable criteria
used for decision-making at each life-cycle phase of a bridge, from design to recycling or demolition.
This paper examines 77 journal articles for which different methods have been used. The most
used methods are briefly described. In addition, a statistical study was carried out on the Multiple
Attribute Decision-making papers reviewed.
Keywords: decision-making; sustainability; bridges; life-cycle

1. Introduction
Bridges are major components of territorial communication in a society. This is why guaranteeing
a sustainable structure is essential to provide safety and service to users. The sustainable development
of bridges is mainly based on meeting the three pillars of sustainability—economic, social and
environmental factors—which each have different goals. The economic and environmental factors
have been widely studied, and even, in some cases, a specific software has been developed to assess
the environmental impacts of some structures [1]. Despite the fact that some authors have carried out
studies to evaluate social sustainability throughout the life-cycle of an infrastructure [2,3], there is still
limited knowledge on social factors affecting structures’ sustainability, including bridges. Thus, to
achieve a consensus among these three pillars, one must resort to a process, such as decision-making.
This process facilitates the rational selection of a bridge solution based on certain information and
judgment about the criteria chosen for a life-cycle phase. Wass et al. [4] stated that the sustainable
development must be considered as a decision-making strategy.
Balali et al. [5] pointed out that decision-supporting systems applied to different steps of bridge
life-cycles can be categorized as (a) planning and design; (b) construction; and (c) operation and
maintenance. These stages are also considered by other authors [6,7]. Our paper reviews these phases
and incorporates the last life-cycle phase of a bridge. This phase can be either the demolition or the
recycling of the structure. Decision-making on the last phase is necessary since the corresponding
transport of materials has an impact in terms of the three pillars of sustainability.
The decision-making process can be done by applying different methods and tools, as well as
using different objectives. Hwang and Yoon [8] divided the Multi-Criteria Decision-Making (MCDM)
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processes into Multiple Attribute Decision-making (MADM) and Multiple Objective Decision-making
(MODM). MADM is used to evaluate discrete variables. In addition, this is an a priori process. Experts
take part in the initial stage of the process, giving the weightings of the criteria or assessing any
attribute of the bridge. Finally, the best solution or a solution ranking is obtained. MODM allows for
the obtainment of a continuous set of solutions regarding two or more criteria, called Pareto front.
These solutions are characterized by each being considered equally good. The experts also take part
in the end stage of the process, choosing one among the many solutions. Therefore, this process is
a posteriori. Most of these traditional methods have limitations, and they are not enough to solve
real problems [9]. Achieving a sustainable bridge is a very complicated problem that involves a lot
of information and different points of view. Thus, decision-making should take into account the
complexity of the real world. New trends and concepts of hybrid MCDM models can solve these
limitations [10,11].
The main aim of this review is to classify and analyze the MADM and sustainable criteria applied
to bridges and show a sample of MODM studies to point out the differences between these two
processes. The review is carried out for each phase of the bridge’s life-cycle. Also, this review includes
studies that do not carry out direct decision-making, but conduct a breakdown of criteria and a
subsequent evaluation of the condition, risk or state of the bridge or any part of it. This is important
because these results can be used for assessing the sustainable maintenance and rehabilitation of the
bridge. In addition, the limitations of traditional MCDM methods and new trends in decision-making
are described.
First, traditional MADM methods are classified into different groups and an outline of the
properties of these groups is carried out. The most used methods in sustainable bridge works are briefly
described. The least used methods are grouped into “Others”. A brief description of MODM is made.
Then, the limitations of traditional MCDM methods are explained. The studies are ordered according
to life-cycle phases. In each phase, a description of the most outstanding MADM is conducted.
Then, all MADM investigations are summarized in a table, which shows the methods and criteria in
chronological order. In this way, it is possible to see the most used criteria to assess the sustainability
at each phase of the bridge life-cycle. After, a statistical study is carried out with the aim of showing
the interactions between the multi-attribute methods and the bridge life-cycle phases. Finally, new
trends in MCDM are exposed.
To conduct the review, a total of 77 studies were collected that focused solely on bridge MADM.
The observation period ranged from 1991 to 2016. The planning and design phase includes 15 (19.48%)
studies, construction included seven studies (9.09%), operation and maintenance contained 53 studies
(68.83%) and recycle or demolition had two studies (2.6%). The final phase has only previously been
studied by two different authors, indicating a gap in research.
2. Multi-Criteria Decision-Making
2.1. Multi-Attribute Decision-Making
There are many methods and tools that can be used for MADM. Despite the large number of
traditional MADM methods [12], none is perfect. Most of them make unrealistic assumptions hardly
applicable to the real world. However, the traditional MADM methods can be classified into different
groups according to similar characteristics [13,14]. Table 1 shows an outline of traditional MADM.
The scoring methods are the simplest MADM methods. Their basis consists of assessing the
alternatives using basic arithmetical operations. The Simple Additive Weighting (SAW) and the
Complex Proportional Assessment (COPRAS) methods obtain the sum of the weighted normalized
values of all the criteria. SAW is the oldest MADM method and allows the consideration of maximizing
criteria. COPRAS is an evolution of SAW. The difference between both is that COPRAS allows the
consideration of maximizing and minimizing criteria.
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Table 1. Multi-Attribute Decision-Making (MADM) methods description.
MADM Group

MADM Method

Reference

Scoring
methods

Simple additive weighting (SAW)
Complex proportional assessment (COPRAS)

[15]
[15]

Distance-based
methods

Goal programming (GP)
Compromise programming (CP)
Technique for order of preference by similarity to ideal solution (TOPSIS)
Multicriteria optimization and compromise solution (VIKOR)
Data envelopment analysis (DEA)

[16]
[17]
[18]
[18]
[19]

Pairwise
comparison
methods

Analytic hierarchy process (AHP)
Analytic network process (ANP)
Measuring Attractiveness by a Categorical Based Evaluation Technique (MACBETH)

[20]
[20]
[21]

Outranking
methods

Preference ranking organization method for enrichment of evaluations (PROMETHEE)
Elimination and choice expressing reality (ELECTRE)

[22]
[23]

Utility/Valuate
methods

Multi-attribute utility theory (MAUT)
Multi-attribute value theory (MAVT)

[24]
[24]

Other

Quality function development (QFD)

[25]

The basic principle of the distance-based method is obtaining the distance among each alternative
and a specific point. Within this group, there are two different philosophies. The objective of the Goal
Programming (GP) method is to obtain the alternative that satisfies a set of goals. The objective of
the Compromise Programming (CP) method is to get the closer alternative to the hypothetical best
alternative. While the Data Envelopment Analysis (DEA) method comes from GP, CP is the basis for
the Multicriteria Optimization and Compromise Solution (VIKOR) and the Technique for Order of
Preference by Similarity to Ideal Solution (TOPSIS) methods.
The pairwise comparison methods are very useful to obtain the weight of the different criteria
and compare alternatives with respect to a subjective criterion. The problem of these methods is that
they are only based on the knowledge of the decision makers. Furthermore, it is possible that different
decision makers have different points of view to the same problem. The Analytic Hierarchy Process
(AHP) was the first pairwise method presented and one of the most used in decision-making problems.
The Analytic Network Process (ANP) is a method that tries to solve the problem of the independence
of the criteria of the AHP. The Measuring Attractiveness by a Categorical Based Evaluation Technique
(MACBETH) is an alternative to AHP.
The outranking methods consist of establishing a preference relation on a set of alternatives that
indicates the degree of dominance among them. These methods can deal with unclear and incomplete
information and their application results in the partial preference ranking of alternatives, instead of a
cardinal measure of their preference relation.
The utility/value methods define expressions that determine the degree of satisfaction of the
criteria. These functions convert the ratings that define the behavior of the alternatives in relation to
the criteria into their degree of satisfaction according to the method (MAUT or MAVT). The expression
of the function can model different shapes to relate the ratings and the degree of satisfaction.
This paper reviews the most important methods (Table 1) and tools, and the MADM methods
and tools used for decision-making at each life-cycle phase of a bridge are: Complex Proportional
Assessment (COPRAS), Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS),
Data Envelopment Analysis (DEA), Analytical Hierarchy Process (AHP), Analytical Network Process
(ANP), Preference Ranking Organization Method for Enrichment Evaluations (PROMETHEE),
Quality Function Deployment (QFD), Monte Carlo Simulation (MCS), Delphi, Fuzzy logic and Grey
numbers (G).
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2.1.1. Methods
Complex Proportional Assessment
The Complex Proportional Assessment (COPRAS) method was developed by Zavadskas and
Kaklauskas in 1996 [26]. It expresses the criteria values in intervals based on real conditions and
allows for the evaluation of the uncertainty value of criteria. The method uses a stepwise ranking
and assessing procedure of the different alternatives in terms of significance and utility degree [27].
Recently, Liou et al. [28] proposed a new hybrid COPRAS model for improving and selecting suppliers
in green supply chain management.
Technique for Order of Preference by Similarity to Ideal Solution
The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is a method
proposed by Hwang and Yoon in 1981 [8]. It is based on the concept that the best alternative is the
one that simultaneously has the shortest geometric distance from the positive ideal solution and the
longest geometric distance to the negative ideal solution. The ideal alternative takes the best score
of each criterion. It is a method of compensatory aggregation that compares a set of alternatives by
identifying weights for each criterion, normalizing their scores and calculating the geometric distance
between each alternative and the ideal alternative.
TOPSIS assesses situations where the criteria values and the criteria weights are expressed in
exact and non-exact numerical values. The positive ideal solution maximizes the benefit criteria and
minimizes the disadvantage criteria, whereas the negative ideal solution maximizes the disadvantage
criteria and minimizes the benefit criteria [7,29,30].
Data Envelopment Analysis
The Data Envelopment Analysis (DEA) is a tool developed by Charnes et al. in 1978 [31],
built to measure the relative performance of different units when multiple inputs and outputs make
comparisons difficult. DEA allows for the comparison of the relative management of a group of inputs
to produce the same group of outputs.
The methodology identifies boundaries and allows for the location of relative management
indicators for each unit in relation to those that are on the efficient boundary. In addition, this
method allows for the identification of and assessment of inefficiencies in relation to input and output,
providing guidelines for improving the units analyzed.
Analytic Hierarchy Process
The Analytic Hierarchy Process (AHP) is a method proposed by Saaty in 1980 [32] to support
multi-criteria decision-making. In the first step, the method decomposes the problem into a hierarchical
structure. Based on this structure, experts assess the relative importance of decision criteria and use
pairwise comparisons that are assigned from a pre-determined scale of relative importance. The scale
uses values varying from 1 to 9. The weight of each criterion at the same level can be evaluated by
calculating the eigenvector of the matrix [33].
The comparison of criteria is performed for each level, obtaining the weight of each criterion.
Assessing the bottom level criteria and multiplying by each weight allows for the assessment of the
next criterion level. The process is repeated until the overall decision goal, which is at the top level,
is reached [34–39]. The AHP assumes the independence of all criteria (outer and inner dimensions),
which can be an unrealistic assumption for solving actual real-world problems [40].
Analytic Network Process
Saaty and Takizawa introduced the Analytic Network Process (ANP) in 1986 [41] to solve
dependence and feedback problems between dimensions and criteria in diagonal matrices under
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the hypothesis that they are independent or show self-relation. The ANP is a general form of the AHP
which can release the restriction of hierarchical structure, and is recommended for decision-making
problems where there are cross relations in outer dimensions. In fact, the greatest difference between
the two methodologies is that ANP is applied to decision-making problems for interrelationships
in outer dimensions, whereas the AHP assumes the independence of outer and inner dimensions.
As Lu et al. [40] claim, the outcome of the decisions may be influenced if there exists a significant
interrelationship between dimensions and criteria that is not considered. On the other hand, ANP
allows for a representation of decision-making in a complex environment with a network structure
rather than with a hierarchical structure [40,42].
Preference Ranking Organization Method for Enrichment Evaluations
The Preference Ranking Organization Method for Enrichment Evaluations (PROMETHEE) is a
method developed by Brans et al. [43] in 1984. It is based on the pairwise comparison between
alternatives for creating an outranked relationship to display the degree of domination of one
alternative over the other and to select among conflicting criteria. This method uses positive and
negative assessments for each alternative to create a ranking in relation to decision weights. This
method allows for direct operation on the criteria included in the decision matrix without normalization
and it obtains a suitable solution even when information is missing [5,35].
Quality Function Deployment
The Quality Function Deployment (QFD) was first introduced in 1983 by Kogure and Akao [44].
Although initially conceived as a tool for design and product development, today it can be considered
as an important tool in the field of multi-criteria decision problems [7,45].
2.1.2. Tools
Monte Carlo Simulation
The Monte Carlo Simulation (MCS) is a statistical method that allows for the application
of solutions to hard mathematical problems. This method generates random values according
to a probability function and is used to address the uncertainty and vagueness assessment of
qualitative criteria.
Delphi
Delphi, first introduced in 1963 by Dalkey and Helmer [46], is a tool that approaches expert
opinions by minimizing the existing uncertainty of the qualitative criteria assessment. This tool
consists of making questionnaires and interviews at different phases. First, each expert assesses the
criteria; then, if the experts’ opinions are different, a second round of questionnaires and interviews is
performed showing the first rounds’ results. In this way, the experts can assess the criteria another
time, but with an aiding orientation. This process is performed until a consensus is reached.
Fuzzy
Fuzzy was first formalized by Zadeh in 1965 [47] as a way of representing uncertainty or vagueness
in real life. Fuzzy starts with a set of user-supplied human language rules. The fuzzy systems convert
these rules into their mathematical equivalents. This simplifies the job of the system designer and the
computer and results in much more accurate representations of the way in which systems behave in
the real world.
Grey Numbers
Deng presented grey system theory in 1989 [48], and Lin et al. [49] introduced the concept of the
grey number as a number whose exact value is unknown, but a range within which the value lies is
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known. There are several types of grey number [50]: a grey number with only lower limits or upper
limits, an interval of grey number with lower and upper limits, a continuous grey number and discrete
grey number, and black and white numbers.
2.2. Multi-Objective Decision-Making
The Multi-Objective Decision-making (MODM) methods or tools are used to find multiple
trade-off solutions. Zavala et al. [51] reviewed the most used multi-objective metaheuristics applied to
structural optimization. The heuristic algorithms used most frequently are Genetic Algorithm (GA),
Particle Swarm Optimization (PSO), Ant Colony Optimization (ACO), Simulated Annealing (SA)
and Harmony Search (HS). These are stochastic methods characterized by combining central rules
and randomness.
GA was developed by Holland in the early 1970s [52] based on natural selection. In GA, each
variable is represented by a gene, a set of variables describing one individual and a set of individuals
describing a population. Each individual is reproduced by combining genes of different parents, which
is called crossover. Then, the children are introduced into the population and the process is repeated.
PSO and ACO present swarm behavior. The PSO method was proposed by Kennedy and
Eberhart [53]. PSO imitates the social behavior of flocks of birds and insects (particles). The aim is
to find the optimal solution from the population of moving particles based on a fitness function.
Dorigo et al. [54] developed the ACO, which imitates the behavior of ant groups looking for
food. Usually, the first group of ants chooses a random trajectory covered by a pheromone trace.
The second group follows an individual path, which is adapted from the previous trajectory and their
individual behavior.
Kirkpatrick et al. [55] presented SA based on the natural phenomenon of crystal formation from
masses, which are molten and cooled down under controlled conditions. The SA algorithm generates
a new configuration from a previous solution and then accepts or rejects the solution according to
a probability function. Geem et al. [56] developed the HS. This method tries to imitate the activity
of jazz musicians when they are looking for the best harmony. A similar principle is followed when
optimizing a specific objective function instead of harmonies.
2.3. Limitations of Traditional MCDM Methods
The traditional MCDM methods have limitations, and they are not enough to resolve real problems.
While MADM methods mainly rank a limited set of alternatives and select the best one, the MODM
methods obtain a set of efficient solutions in a fixed feasible region that can be represented on a Pareto
front. Liou and Tzeng [9] stated that normally, MCDM methods consider unrealistic assumptions in the
real problems, such as the independence of the criteria, the linear aggregation, or the provision of the
best alternative among different alternatives instead of the alternative that reaches the aspiration levels.
Some authors stated that the TOPSIS method cannot be used for ranking and selection purposes.
Opricovic and Tzeng [18] compared VIKOR and TOPSIS in an illustrative example, and showed that the
best alternative is not always the closet to the ideal according to TOPSIS. Furthermore, Wang et‘al. [57]
stated that TOPSIS cannot be used for ranking purposes after analyzing the fuzzy TOPSIS proposed by
Kuo et al. [58].
3. Life-Cycle Steps for Bridge
3.1. Planning and Design
Multi-attribute Decision-making in the planning and design phases of bridges is studied according
to the topic of the study: In selecting (1) the bridge site; (2) the type of material; (3) the type of
foundation and (4) the type of superstructure.
(1) Ardeshir et al. [59] stated that the selection of bridge construction sites over rivers is one of the
most important tasks in construction feasibility studies. Ardeshir et al. [59] and Aghdaie et al. [27]
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used a modified AHP with an uncertainty tool. The first authors used Fuzzy and the second authors
used COPRAS-G to select the best bridge construction site. The AHP method was used to assess the
weight of the criteria. Both studies applied economic and area characteristic criteria to select the bridge
construction site. However, Aghdaie et al. [27] considered social criteria, as the bridge was located in
an urban area.
(2) Utomo and Idrus [60] and Balali et al. [5] applied MADM to select the appropriate material for
the bridges. Utomo and Idrus [60] presented a model to achieve the most suitable material for a bridge
based on the following value analysis function:
V=

Function
Cost

(1)

They suggested the FAST (Function Analysis System Technique) method to perform the function
analysis. In addition, they used AHP to weight each criterion and compare three different types
of material. Balali et al. [5] applied PROMETHEE to carry out the comparison using a degree of
dominance of one alternative over another. This method requires less information compared to others
that create a single score. Economic and durability criteria were used by Utomo and Idrus [60], and
Balali et al. [5], with the difference being that Utomo and Idrus [60] divided durability criteria in
several sub-criteria. Most authors are concerned with sustainability in the design and planning phases
of a bridge and focus their efforts on the foundation and superstructure.
(3) Joshi et al. [61] studied foundations and employed a Fuzzy tool to evaluate a set of criteria
and obtain the most suitable foundation among three different types. Two years later, Ugwu et al. [62]
used a method called SUSAIP (Sustainability appraisal) to compare two different foundations. They
employed several criteria to finally obtain a sustainability index.
(4) On the other hand, one of the first investigations of superstructure type decision-making was
carried out by Moore et al. in 1996 [63], using only expert opinion to make a decision supporting
bridge design. In 1998, Ohkubo et al. [64], applied a fuzzy system to approach an optimization of
pre-stressed concrete bridges, considering cost and aesthetic feelings. In 2000, Itoh et al. [65], included
CO2 and energy as environmental criteria for selecting the type of bridge. While Moore et al. [63],
Ohkubo et al. [64], and Itoh et al. [65] studied the three pillars of sustainability separately, the following
papers encompass multiple criteria to approach the sustainable goal.
Several researches suggested a hybrid AHP, where AHP was used for evaluating the criterion
weight and another method or tool (Fuzzy or PROMETHEE) to deal with the potential uncertainty. For
example, Wang et al. [66] and Jakiet et al. [67] proposed a Fuzzy AHP; Gervasio and Simoes Da Silva [35]
employed a hybrid method between AHP and PROMETHEE; and Farkas [36] used AHP supported by
seven different experts having varying priorities. Alternatively, other authors used different methods.
Malekly et al. [7] stated that choosing the most suitable superstructure is vital for the success of a
bridge design. To achieve this goal, Malekly et al. [7] proposed a hybrid method between QFD and
TOPSIS and Balali et al. [5] applied the PROMETHEE method.
Table 2 shows the methods used and criteria applied in different studies in chronological order.
To differentiate the sub-criteria from the main criteria, the sub-criteria are written between brackets
and italics.
Some authors applied MODM in the planning and design phase because they observed that
knowing the trade-off relationships between the economic, environmental and social indicators is
the best way to take sustainable decisions. Optimization methods allow for carrying-out of the
decision-making of continuous criteria, where a set of valid solutions are obtained and represented on
a Pareto front. Some authors carried out a single-objective optimization, in which the objectives are
analyzed separately and then compared [68–73]. However, others prefer to apply a multi-objective
optimization to get a Pareto set of solutions. These solutions are characterized by improving all
objectives simultaneously [74–77].
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Table 2. Method and criteria of design and planning.
Reference

MADM Method

[64]

Fuzzy

Cost and aesthetic feeling

[65]

Other

Cost, driving comfort, landscape and environmental impact
(CO2 and energy)

[61]

Fuzzy

Cost, plumbness control, depth, area of site, non-availability of skilled
workers, and time required

[62]

SUSAIP

Economic (direct cost, indirect cost), environmental (land use, water, air,
noise ecology, visual impact, waste management), societal (cultural
heritage, public access, public perception), resource utilization (site
access, material availability, type, constructability, reusability, quality
assurance) health and safety (occupational, public), project
administration (contract) and procurement method

[60]

AHP (value analysis)

Cost (initial cost and LCC) and function (received load super structure,
resist shift super structure, receive force earth quake, allow
mini-distortion, resist strike water, resist erosion water, fix element
furnish structure, beautify appearance)

[7]

Fuzzy QFD and
Fuzzy TOPSIS

[66]

Fuzzy AHP

[36]

AHP and KSIM (Kane
Simulation Technique)

Engineering feasibility, capital cost, maintenance, aesthetics,
environmental impact and durability

AHP and COPRAS-G

Environmental (traffic related, accident related, average speed limit),
socio-economic (rate of transportation of families, children and business
dates, situation of area growth in the future, special importance of each
road or boulevard to the city, vision of roads or boulevards about issues)
and total cost

[35]

AHP and PROMETHEE

Environmental (waste production, abiotic, depletion, acidification,
eutrophication, global warning, human toxicity, photochemical
oxidation, ozone depletion layer, and terrestrial ecotoxicity), economic
(construction cost, maintenance cost, and end of life cost), and social
(vehicle operation cost, driver delay cost, and safety cost)

[59]

Fuzzy AHP in GIS

Transportation (minimizes the total distance traveled), economic, and
morphology site

[5]

PROMETHEE

Cost, life cycle and durability, thermal influence and ability to build
small and lightweight)

PROMETHEE

Cost, span, inspection and maintenance, construction speed, ease of
construction, traffic load, dependence on imported technologies,
architecture design, irregular geometric, complexity in construction,
and symbolic and aesthetics

[27]

[5]

[67]

Fuzzy AHP

Criteria

Design complexity, speed of construction, durability, environment,
aesthetics, construction complexity, and geometric design
Economic rationale (production cost, construction period, production
cost), function completeness (deformation adaptability, anti-wind
ability), environmental adaptability and advanced technology

Bridge structure geometry adjustable to locality conditions (topography,
resistance to natural hazards, and complexity of erection), mitigation of
impact upon natural environment (project area minimization, minor
interference on landscape and harmoniously integrated into landscape
and contamination), structure design technologic ability (complete
mechanization of manufacturing and construction process, assembly
technology universalism, assembly work in various weather
conditions), safety and sustainability of structure (design sub-criterion,
structure design safety in challenging topography, structure design
safety in natural hazards and contingencies), and economic criterion
(total investment cost, project duration, and maintenance costs)

3.2. Construction
El-Diraby and O’Connor [78] evaluated bridge construction plans using a method they designed.
This investigation focused on urban bridges. Chou et al. [79] applied a hierarchical structure Fuzzy AHP.
Pan [80] suggested three different types of construction methods: full-span, pre-cast and launching,
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and applied Fuzzy AHP. Then, Mousavi et al. [81] proposed a modified type of Fuzzy AHP with the
same criteria and type of construction used by Pan. Mousavi et al. [81] made a comparison between
both methods and stated that the comparison analysis shows that the ranking of the proposed HF-AHP
method is similar to the ranking of Pan’s [80] method. AHP was used to evaluate factor weights and
Fuzzy was used to take into account the uncertainty.
Gu et al. [30] used the same criteria as Pan [80] and Mousavi et al. [81]. These were quality,
cost, safety, duration and shape. Balali et al. [5], in the same paper that applied the PROMETHEE
method to make the selections on material and the type of bridge structures, assessed different types
of construction methods also using PROMETHEE. Chen et al. [82] used PROMETHEE with Fuzzy
to rank different types of construction method. Table 3 shows the methods and criteria used in the
different investigations on the construction phase.
Table 3. Method and criteria of construction.
Reference
[78]

MADM Method
Other

[80]

Fuzzy AHP

[30]

Fuzzy TOPSIS

[79]

Fuzzy AHP and
Monte Carlo

[81]

Fuzzy AHP

[5]

PROMETHEE

[83]

Fuzzy PROMETHEE

Criteria
Safety, accessibility, carrying capacity, schedule, and budget
(+project specific factors)
Quality (durability and sustainability), cost (damage cost and construction
cost), safety (traffic conflict and site condition), duration (constructability
and weather condition) and shape (landscape, geometry and
environmental preservation)
Quality, cost, safety, and duration
Construction (project complexity, government level, project duration and
experience of project staff), environment (site condition, geologic types,
climate, and cultural conditions), planning (design concepts, design
drawings, construction method and interface management), and estimation
(contractors fitness, indirect costs, direct costs and risk assessment)
Quality, cost, safety, duration and shape
Cost, usability in height, construction speed, environmental issues, quality
of construction, module installation of deck and traffic interference
Durability, damage cost, construction cost, traffic conflict, site condition,
weather condition, landscape and environmental effect

3.3. Operation and Maintenance
Multi-attribute Decision-Making in the operation and maintenance phase must be differentiated
into two types. In the first one, the decision-making process is carried out for the purpose of choosing
the most suitable and final type of maintenance and/or maintenance time. On the other hand, in the
second one, the decision-making process is carried out indirectly. The assessment of the condition,
damage, or risk of a structure or a part of it, provides a basis on which decisions on maintenance can
be made.
Regarding the direct process, Dabous and Alkass [37] evaluated and ranked different bridge
rehabilitation strategies using a proposed modified type of AHP with fuzzy logic. Each comparison
was carried out with linguistic terms that are delimited between the pessimistic and optimistic values.
The most likely value is inside the range. Afterwards, the Monte Carlo tool is used to select random
values and generate a comparison matrix. If the matrix is consistent, it is used to obtain the weights,
which follow a probability distribution.
Bitarafan et al. [84], El-Mikawi et al. [85], Sobanjo et al. [86], and Dabous and Alkass [87] applied
an AHP, while the last two studies also considered the existing uncertainty. Sobanejo et al. [86] and
Dabous and Alkass [87] used these hybrid methods to create a ranking method for bridge rehabilitation
where more subjective criteria are considered. This is the reason for using an uncertainty tool.
Bitafaran et al. [84] and El-Mikawi et al. [85] used only AHP because their criteria were more objective.
Yehia et al. [88] developed a decision support for bridge maintenance through interviews with
bridge maintenance experts and national surveys. The method suggests repair and rehabilitation
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strategies for problems in the concrete bridge deck. Chassiakos et al. [89] presented a knowledge-based
system used for maintenance planning of highway concrete bridges. To demonstrate the usefulness of
the system, the method was applied to assess the different scenarios and choose the most suitable type
of maintenance planning.
Sabatino et al. [90] used multi attribute utility theory to provide a framework for decision makers
to get the optimal life-cycle maintenance actions. The framework is applied to an existing highway
bridge to evaluate the consequences of structural failure to the economy, society and environment
of different maintenance plans. Table 4 shows the methods and criteria applied in the operation and
maintenance phase.
Table 4. Method and criteria of operation and maintenance.
Reference

MADM Method

Criteria

[86]

Fuzzy AHP

Ratio of the average daily traffic (ADT) to the project cost (ADT/Cost),
expected improvement in structural condition appraisal rating, deck
geometry appraisal rating, clearance appraisal rating, load capacity
appraisal rating, waterway adequacy appraisal rating, approach roadway
alignment appraisal rating and in the expected extension in the bridge’s
service life

[85]

AHP

[89]

Monte Carlo

[88]

Other

[37]

Modified type of AHP

Structural performance indicators, economic indicators, environmental
aspects, codes and regulations, material availability and
architectural aspects
Defect type, traffic load, river bed characteristics, environmental conditions,
bridge age, foundation type and superstructure type
Age, average daily traffic, corrosion, delamination, cracking and type of
repair method (protective and non-protective)
Agency cost (direct cost: material, labor, and equipment), user cost (indirect
cost: delay cost, increased vehicle operating cost and, cost of accidents and
crashes that may happen during the projects), bridge safety, useful life and
environmental impact

[87]

AHP

Maximize bridge condition preservation and safety (condition rating,
load carrying and capacity and seismic risk), maximize effectiveness of
investment (average daily traffic (ADT) and supporting road type),
and minimize bridge deficiency [vertical clearance, approach condition
and draining system]

[84]

AHP

Reduce mortality and vulnerability, possibility of localization of technology,
performance speed, performance costs and maintenance

[90]

Other

Economy (rebuilding cost), society (extra travel time, extra travel distance,
and fatalities), and environment (CO2 emissions and energy consumption)

Within the indirect decision-making process, there are more approaches available. This type of
investigation assesses the condition, damage or deterioration, or the risk (wherein seismic risk is the
most important) of a bridge or a part of it. Once the time, the state or the risk have been assessed, a
decision could be made. Several studies have compiled a rating system for conditions, damages or
deteriorations [29,34,38,91–130] of the bridge, which is the step before decision-making.
Qiao et al. [38] evaluated the condition of a cable-stayed bridge. He proposed an uncertain
type of AHP, which uses an interval number judgment matrix to reflect the uncertainty in the bridge
assessment. The hierarchy process involves different parts of the bridge. First, the weight of each
layer is calculated through a pairwise comparison matrix. Then, the parts of the lower layer are
assessed and in turn, the general assessment of the bridge can be obtained. Dan et al. [99] also assessed
a cable-stayed bridge, but used a hybrid Fuzzy AHP method supported by a Health Monitoring
System. They developed a model that combines the inspection factors and the data received from
sensors. Sasmal and Ramanjaneyulu [122] and Dabous and Alkass [87] applied the hybrid method
Fuzzy AHP to make the condition assessment of the bridge. The process is similar to the previous one.
The structure is divided into parts analyzed by experts to obtain a final bridge assessment.

Sustainability 2016, 8, 1295

11 of 21

Regarding the other study types, it is worth highlighting risk assessment. If the probability of
any kind of failure is known, the expert has the possibility of deciding whether to prevent or correct
this type of risk. Some authors define risks as the products of the likelihood and consequences of an
occurring event [29,34,131] or as a multiplication function of three parameters: hazard, the probability
of disaster occurrence or impact vulnerability of the disaster and the consequences of the disaster [94].
Wang and Elhag [29,131], and Wang et al. [34] evaluated consequences using four main criteria: safety,
functionality, sustainability and environment, which are assessed separately. The methods that Wang
et al. applied were Fuzzy [131], a hybrid method between AHP and DEA [34] and a hybrid method
Fuzzy TOPSIS [29]. Finally, the author achieved a risk propriety ranking for bridge structures. Andric
and Lu [94] proposed a hybrid method Fuzzy AHP to carry out a risk analysis and assessment of
different disaster risks to which the bridge is exposed. He stated that an appropriate bridge safety
management plan is required to reduce or prevent the effects of the disasters. Lu et al. [42] used
the ANP method to provide a model that allows for assessing different risks. He expounded that a
comprehensive risk analysis can provide a project contractor with a more rational basis on which to
make a decision. The main risk to bridges is seismic activity [96,114,116,118]. The authors evaluated
this type of risk to provide a tool for assisting with making decisions.
Multi-objective decision-making in the operation and maintenance phase is studied considering
serviceability and safety criteria. Liu and Frangopol [132,133] proposed a multi-objective genetic
algorithm to find different maintenance options that present tradeoffs among the lifetime condition,
safety level and life-cycle maintenance costs. In addition, Monte Carlo simulations are used
to identify the uncertainties of the parameters. Then, Neves et al. [134] also incorporated a
probabilistic lifetime-oriented multi-objective optimization framework in which the criteria are fully
probabilistically described. In this phase, probabilistic frameworks are commonly used (Kim et al. [135];
Dong et al. [136]). Frangopol and Soliman [137] described the achievements and challenges of each,
the life-cycle performance, maintenance, management and optimization of structural systems, taking
into account uncertainties.
3.4. Demolition or Recycle
The use of decision-making within the last bridge life-cycle phase—demolition or recycle—has
only been investigated by very few authors. However, decision-making in this phase is important too,
because this stage has an impact on each of the three pillars of sustainability.
Chen et al. [138] used ANP to make a demolition plan where three different options are compared.
Itoh [65] suggested the recycling of construction materials in order to reduce environmental impacts.
Using recycled steel instead of virgin iron extracted from mines results in approximately 60% energy
savings and consequently, in a reduction in the environmental impact. Recycling concrete as an
aggregate for the production of new concrete requires the use of machines for crushing the concrete,
which accounts for around 86% of the environmental impact compared with conventional concrete.
Table 5 shows the methods and criteria, which were studied in the final phase.
Table 5. Method and criteria of the destruction or recycle phase.
Reference

[138]

MADM Method

Criteria

ANP

Structure characteristics (type of structure, stability, scope of demolition
and usage), conditions (safety risk on/off site, acceptable level of noise,
proximity to adjacent structures), cost (machinery and manpower),
experiences (familiarity with technologies, availability of equipment,
availability of expertise), environmental impact and time (worksite
preparation and entire demolition process)

Sustainability 2016, 8, 1295

12 of 21

4. Discussion
4.1.

Sustainability 2016, 8, 1295

12 of 21

Sustainability 2016, 8, 1295
Overview

12 of 21

4. Discussion
The
77 analyzed papers that use MADM were divided into four different phases of the bridge
4. Discussion
4.1. (Figure
Overview 1). The planning and design phase and the construction phase have 19.48% and
life-cycle
4.1. Overview
9.09%, respectively.
The operation
phase has
Thisphases
percentage
is as high as
The 77 analyzed
papers thatand
use maintenance
MADM were divided
into 68.83%.
four different
of the bridge
life-cycle
(Figure
1).
The
planning
and
design
phase
and
the
construction
phase
have
19.48%
and
The
77
analyzed
papers
that
use
MADM
were
divided
into
four
different
phases
of
the
bridge
it is mainly due to two reasons. First, this phase involves more qualitative criteria because
there are
9.09%,
respectively.
The
operation
and
maintenance
phase
has
68.83%.
This
percentage
is
as
high
as
life-cycle
(Figure
1).
The
planning
and
design
phase
and
the
construction
phase
have
19.48%
a lot of visual inspection factors for assessing the condition of a bridge that are difficult toand
quantify.
it
is mainly
due to two
First,
phase involves
qualitative
because
9.09%,
respectively.
Thereasons.
operation
andthis
maintenance
phasemore
has 68.83%.
Thiscriteria
percentage
is asthere
highare
Therefore, this is a phase that lends itself to being analyzed using MADM. Second, this is theaslongest
ait lot
of visual
inspection
factors First,
for assessing
theinvolves
condition
of a qualitative
bridge thatcriteria
are difficult
to quantify.
is mainly
due
to two reasons.
this phase
more
because
there are
phase in
a bridge’s
life-cycle.
While
the operation
and maintenance
duration
is this
commonly
defined as
Therefore,
thisinspection
is a phase that
lends
to being
MADM.
Second,
isto
the
longest
a lot of visual
factors
for itself
assessing
the analyzed
conditionusing
of a bridge
that
are difficult
quantify.
100 years
or
more,
the
other
phases
last
less
than
5%
of
the
total
lifetime.
The
demolition
orasrecycle
phase
in a bridge’s
life-cycle.
operation
maintenance
duration
is commonly
defined
Therefore,
this is a phase
thatWhile
lends the
itself
to being and
analyzed
using MADM.
Second,
this is the
longest
phase 100
has
only
been
studied
inphases
2.60%the
ofoperation
all
This
was studied
less asdefined
it is
viewed
as
years
more,
the
other
last
lesspapers.
than and
5% of
the phase
total lifetime.
The
or
recycle
phase
in aor
bridge’s
life-cycle.
While
maintenance
duration
is demolition
commonly
as
has or
only
been
in 2.60%
all than
papers.
phase
it isdecision-making
viewed
as
100
years
more,
thestudied
other Still,
phases
lastof
less
5%This
ofbe
the
total was
lifetime.
Theless
demolition
or recycle
havingphase
a lower
overall
impact.
this
phase
should
taken
intostudied
account
inasthe
a lower
overall
impact.
thisofphase
should
be taken
into
inless
theas
decision-making
phase
has
only
been studied
inStill,
2.60%
all papers.
This
phasehave
wasaccount
studied
it is viewed
as
processhaving
because
decisions
regarding
demolition
or recycling
to be made.
Figure
2 shows
the
process
because
decisions
regarding
demolition
or
recycling
have
to
be
made.
Figure
2
shows
the
having
a
lower
overall
impact.
Still,
this
phase
should
be
taken
into
account
in
the
decision-making
percentage of methods used in the different studies, considering both single and hybrid methods. Note
percentage
of methods
used
in the different
studies,
considering
and
hybrid
methods.
process because
decisions
regarding
demolition
or recycling
haveboth
to besingle
made.
Figure
2 shows
the
that the methods most used are Fuzzy and AHP. These methods are typically joined together to form
Note
that the
Fuzzy and
AHP.considering
These methods
typically
joinedmethods.
together
percentage
of methods
methodsmost
used used
in theare
different
studies,
both are
single
and hybrid
the most
used
hybrid
method:
Fuzzy
AHP.
to
form
the
most
used
hybrid
method:
Fuzzy and
AHP.
Note
that
the
methods
most used
are Fuzzy
AHP. These methods are typically joined together
to form the most used hybrid method: Fuzzy AHP.

Figure 1. Percentage frequency for phases.

Figure 1. Percentage frequency for phases.
Figure 1. Percentage frequency for phases.

Figure 2. Percentage frequency for methods.
Figure 2. Percentage frequency for methods.

Figure 2. Percentage frequency for methods.

Sustainability 2016, 8, 1295

13 of 21

4.2. Statistical Analysis

Sustainability 2016, 8, 1295

13 of 21

A statistical analysis was carried out in order to determine any existing patterns. A simple
4.2. Statistical
Analysis is used to analyze inertia and association relations between two variables.
correspondence
analysis
statistical analysis
was carried
out rows
in order
determine
A on
simple
The resultsAsummarize
the information
in the
andtocolumns
so any
that existing
it can bepatterns.
projected
a reduced
correspondence
analysis
is
used
to
analyze
inertia
and
association
relations
between
two
variables.
space and simultaneously represent the row points and the column points. In this way, it can obtain
The results summarize the information in the rows and columns so that it can be projected on a
conclusions
about the relationships between two variables. To this end, the data was ordered in a
reduced space and simultaneously represent the row points and the column points. In this way, it
table where the rows are the different life-cycle phases, the columns are the different methods used
can obtain conclusions about the relationships between two variables. To this end, the data was
and the
cells correspond
to the
use of life-cycle
each method
within
each life-cycle
phase. Once
ordered
in a table where
thefrequencies
rows are theof
different
phases,
the columns
are the different
this information
was
ordered,
a
simple
correspondence
analysis
was
carried
out
using
the
IBM SPSS
methods used and the cells correspond to the frequencies of use of each method within each life-cycle
Statistics
22.0Once
(IBM
Corp.,
Armonk,
USA)a simple
[139] software
with the
aim of
showing
theusing
interaction
phase.
this
information
wasNY,
ordered,
correspondence
analysis
was
carried out
thethe
IBMmethods
SPSS Statistics
22.0life-cycle
(IBM Corp.,
Armonk,
USA) [139] software with the aim of showing
between
and the
phases
of aNY,
bridge.
the interaction
the methods
and thethe
life-cycle
phases
of athe
bridge.
Figure
3 showsbetween
the interaction
between
methods
and
life-cycle phases of a bridge. This
Figure 3 shows the interaction between the methods and the life-cycle phases of a bridge. This
interaction represents the tendency of a method to be used in a phase; this tendency is greater when
interaction represents the tendency of a method to be used in a phase; this tendency is greater when
the method
and life-cycle phase points are closer. Furthermore, a greater distance between the center
the method and life-cycle phase points are closer. Furthermore, a greater distance between the center
and theand
related
points
implies
a greater
the related
points
implies
a greaterexclusivity.
exclusivity.

Figure 3. Row and column point.
Figure
3. Row and column point.

A clear relationship between the Fuzzy method and the operation and maintenance phase is
in Figure 3. This
is because
of the
criteriaand
usedthe
in this
phase areand
visual
and are related
Aindicated
clear relationship
between
the most
Fuzzy
method
operation
maintenance
phase is
to the
one part
of the bridge
thesephase
are subjective
criteria.
indicated
incondition
Figure 3.ofThis
is because
mostorofone
thematerial;
criteriatherefore,
used in this
are visual
andThus,
are related
Fuzzy is used
to include
uncertainties
provide
greatertherefore,
validity to these
the final
In addition,
to the condition
of one
part of
the bridgeand
or one
material;
aredecision.
subjective
criteria. Thus,
the AHP method is centered and located in an intermediate position between the design and planning
Fuzzy is used to include uncertainties and provide greater validity to the final decision. In addition,
phase, the construction phase and the operation and maintenance phase. Consequently, this method
the AHP
method is centered and located in an intermediate position between the design and planning
is widely used in these three life-cycle phases. Other methods, such as TOPSIS, PROMETHEE, QFD
phase, and
the COPRAS,
construction
phaselikely
and to
thebeoperation
and
maintenance
Consequently,
thisANP
method is
are more
used in the
design,
planning, phase.
and operation
phases. The
widelymethod
used inisthese
three
Other
methods,
as TOPSIS,
PROMETHEE,
QFD and
far from
thelife-cycle
center andphases.
near to the
demolition
andsuch
recycle
phase. This
shows that in this
review,
the only
in the
last bridge
life-cycle
COPRAS,
are ANP
moreislikely
to method
be usedused
in the
design,
planning,
andphase.
operation phases. The ANP method
is far from the center and near to the demolition and recycle phase. This shows that in this review,
5. New Concepts and Trends of MCDM
ANP is the only method used in the last bridge life-cycle phase.
Section 2, introduces the traditional MCDM methods, and their limitations. Sections 3 and 4,
that most
ofTrends
the decision-making
5. Newshow
Concepts
and
of MCDM problems studied in bridges use these traditional methods.

Section 2, introduces the traditional MCDM methods, and their limitations. Sections 3 and 4,
show that most of the decision-making problems studied in bridges use these traditional methods.
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Furthermore, these studies usually consider only one stage of the bridge life-cycle. These two
points should be considered to define a better process to obtain sustainable bridges. To avoid the
unrealistic assumptions of traditional MCDM and resolve complicated problems, Tzeng and Shen [11]
suggested a new hybrid MCDM comprised of two hybrid MCDM categorized by Hwang and Yoon [8]
(hybrid MADM and hybrid MODM), and hybrid Multiple Rule/Rough-based Decision-Making
(MRDM). Tzeng and Shen [8] stated that in hybrid MADM methods (a) the traditional MADM
methods normally assume that the criteria are independent, but in real-world problems, there is
interdependence and sometimes feedback between the criteria. The DEMATEL (Decision-Making
Trial and Evaluation Laboratory) [11,40,140–144] technique can build the influential relation matrix to
construct the influential network relations map (INRM) and determine the influential weights of DANP
(DEMATEL-based ANP) using the basic concepts of ANP. Therefore, the DEMATEL method can be
used to solve the inter-dependence and feedback of criteria in the real world; (b) The traditional MCDM
methods provide the relative best solution from the fixed set (“max–min” as target) of alternatives to
use for ranking and selection, but generally, the real-world problems are assessed by achieving the
aspiration levels (“aspiration-worst” as target). The modified MCDM have replaced the traditional
MCDM methods as modified VIKOR [40,141,145,146], modified GRA (grey relation analysis) [147],
modified PROMETHEE [147] and so on, to obtain the desirable value (aspiration level); (c) MADM
methods and tools should be used to compare alternatives and goals or aspiration levels of the criteria,
but also, as an improvement, MADM methods can only conduct a single alternative evaluation for
building the best improvement strategy plan towards continuous improvement and sustainability
to achieve the aspiration level [40,141] and not only in ranking and selection; (d) The traditional
aggregation function model in MADM methods should be changed, including a non-additive
(super-additive) approach for solving real-world problems [144,148]; even fuzzy logic [47,144] can also
be used to aggregate the values of multiple attributes in a non-additive approach.
Based on the above points, new hybrid MODM methods with changeable spaces are proposed to
improve the solving of MADM problems. The traditional MODM are used to obtain the Pareto front
in a fixed set of conditions. These new MODM models can help decision-makers to reach win–win
planning or design, and can achieve the aspiration level [10].
MRDM is a new trend that has emerged recently in MCDM. The essential ideas are considered as
critical factors or criteria retrieved from historical data, and can induct understandable decision rules
in the form of “if . . . , then . . . ,” logics [11].
Achieving a sustainable bridge in the real world is a complicated problem that involves a large
number of criteria in different stages of the bridge life-cycle. Most of these criteria have interdependent
characteristics or provide feedback, and the feature of the criteria can change throughout bridge
life-cycle (e.g., the economy of a country or, the construction of a new bridge near to the old bridge that
allows the communication between two sites). Another point to consider is that the decision-making
regarding bridges should satisfy decision makers with different points of view. Therefore, while the
optimal solution to a problem is very difficult to find out, getting a solution for aspiration levels or goals
is a better option. These points make it difficult to solve the problem of obtaining a sustainable bridge
using traditional MCDM methods. Thus, decision-making should take into account the complexity of
the real world. Some authors [40,141,149–151] use a new hybrid MCDM method (DEMATEL-based
ANP with VIKOR) to try to solve the limitations of the traditional MCDM methods and achieve
sustainable development strategies in other fields.
6. Conclusions
This paper studied the application of multi-attribute decision analyses on bridges. A total of
77 studies published since 1991 were examined. This investigation showed the use of different
methods in the decision-making phases of sustainable bridges. In addition, the differences
between multi-attribute and multi-objective decision-making were explained, showing examples
of multi-objective decision-making. The criteria and methods applied to each life-cycle phase, as

Sustainability 2016, 8, 1295

15 of 21

described by the authors, are indicated. Finally, a statistical study was carried out to show trends
between the methods and the life-cycle phases.
Authors should select both the correct MCDM method and criteria to achieve a sustainable
bridge. On the one hand, MCDM is a powerful process for selecting the most sustainable solution
from a wide range of bridge problems. This is done to reach a consensus among economic, social and
environmental impacts, which are the three basic pillars of sustainability. Traditional MADM methods
often consider unrealistic hypothesis, such as the independence of the criteria, the linear aggregation,
or the provision of the best alternative among themselves instead of the alternative of reaching the
aspiration levels. New hybrid MCDM methods can solve these limitations. On the other hand, most
ancient decision-making works in bridges only consider criteria that involve one or two pillars of
sustainability, but some current works already consider criteria of the three pillars of sustainability.
This paper reviews the criteria used in each life-cycle bridge phase for each main pillar of sustainability.
These criteria are used in each life-cycle bridge phase for each main pillar of sustainability. Therefore,
these criteria are a great basis to achieve future sustainable bridge works.
In addition, the statistical study showed the existence of trends between methods and life-cycle
phases of a bridge. The most obvious relationship was identified between the Fuzzy method and
the operation and maintenance phase. AHP was used in all of the life-cycle phases except for the
demolition or recycle phase. The last stage was only used by two authors. Only one of them used ANP,
which is the complementary method to AHP.
A future direction of this research field could be the unification of the criteria for decision-making
at each life-cycle phase of a bridge. Thus, a comparison of the results of the different studies could
be made. In addition, this could provide a systematic process based on factors that impact the
designers’ decisions.
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Andrić, J.M.; Lu, D.G. Risk assessment of bridges under multiple hazards in operation period. Saf. Sci. 2016,
83, 80–92. [CrossRef]
Anoop, M.B.; Balaji Rao, K. Application of Fuzzy sets for remaining life assessment of corrosion affected
reinforced concrete bridge girders. J. Perform. Constr. Facil. 2007, 21, 166–171. [CrossRef]
Caterino, N.; Iervolino, I.; Manfredi, G.; Cosenza, E. Comparative analysis of multi-criteria decision-making
methods for seismic structural retrofitting. Comput. Civ. Infrastruct. Eng. 2009, 24, 432–445. [CrossRef]
Cheng, M.-Y.; Hoang, N.-D. Risk score inference for bridge maintenance project using evolutionary Fuzzy
least squares support vector machine. J. Comput. Civ. Eng. 2012, 28, 1–9. [CrossRef]
Cheng, J.; Xiao, R. An efficient method for identification of risk factors. Sci. China Ser. E 2009, 52, 3626–3631.
[CrossRef]
Dan, D.; Sun, L.; Yang, Z.; Xie, D. The application of a fuzzy inference system and analytical hierarchy process
based online evaluation framework to the donghai bridge health monitoring system. Smart Struct. Syst. 2014,
14, 129–144. [CrossRef]
De Brito, J.; Branco, F.A.; Thoft-Christensen, P.; Sørensen, J.D. An expert system for concrete bridge
management. Eng. Struct. 1997, 19, 519–526. [CrossRef]
Deng, J.; Li, J.; Fang, X. Condition evaluation of existing long-span bridges using fuzzy based analytic
hierarchy process. Adv. Mater. Res. 2011, 163–167, 3328–3331. [CrossRef]
Duchaczek, A.; Skorupka, D. Evaluation of probability of bridge damage as a result of terrorist attack.
Arch. Civ. Eng. 2013, 59, 215–227. [CrossRef]
Furuta, H.; Shiraishi, N.; Umano, M.; Kawakami, K. An expert system for damage assessment of a reinforced
concrete bridge deck. Fuzzy Sets Syst. 1991, 44, 449–457.
Kawamura, K.; Miyamoto, A. Condition state evaluation of existing reinforced concrete bridges using
neuro-Fuzzy hybrid system. Comput. Struct. 2003, 81, 1931–1940. [CrossRef]
Kushida, M.; Miyamoto, A. Modal Logic to evaluate a knowledge-based bridge rating system. Comput. Civ.
Infrastruct. Eng. 1998, 13, 227–236. [CrossRef]
Lee, J.; Liu, K.F.R.; Chiang, W. A Fuzzy Petri net-based expert system and its application to damage
assessment of bridges. In Proceedings of the IEEE International Conference on Industrial Engineering and
Engineering Management, Piscataway, NJ, USA, 10–12 November 1998; Volume 29, pp. 350–369.
Li, Q.; Xu, Y.-L.; Zheng, Y.; Guo, A.-X.; Wong, K.-Y.; Xia, Y. SHM-based F-AHP bridge rating system with
application to Tsing Ma Bridge. Front. Archit. Civ. Eng. China 2011, 5, 465–478. [CrossRef]

Sustainability 2016, 8, 1295

20 of 21

108. Li, Y.; Wang, T.; Song, X.; Li, G. Optimal resource allocation for anti-terrorism in protecting overpass bridge
based on AHP risk assessment model. KSCE J. Civ. Eng. 2015, 20, 309–322. [CrossRef]
109. Liang, M.-T.; Wu, J.-H.; Liang, C.-H. Applying Fuzzy mathematics to evaluating the membership of existing
reinforced concrete bridges in Taipei. J. Mar. Sci. Technol. 2000, 8, 16–29.
110. Liang, M.-T.; Chu, T.-B.; Tsao, W.-H.; Yeh, C.-J. Determining the repair ranking of existing RC bridges using
multi-pole fuzzy pattern recognition evaluation method. J. Mar. Sci. Technol. 2006, 29, 159–173.
111. Liang, M.-T.; Lin, C.-M.; Yeh, C.-J. Comparison matrix method and its applications to damage evaluation for
existing reinforced concrete bridges. J. Mar. Sci. Technol. 2003, 11, 70–82.
112. Liang, M.-T.; Wu, J.-H.; Liang, C.-H. Multiple layer Fuzzy evaluation for existing reinforced concrete bridges.
J. Infrastruct. Syst. 2001, 7, 144–159. [CrossRef]
113. Lounis, Z. Risk-based maintenance optimization of aging highway bridge decks. Adv. Eng. Struct.
Mech. Constr. 2006, 140, 723–734.
114. Min, Z.; Jingshan, B.; Xiaolei, Z. Quick analysis method for bridge seismic risk based on AHP. In Proceedings
of the IEEE International Conference on Electric Technology and Civil Engineering, Piscataway, NJ, USA,
22–24 April 2011; pp. 575–577.
115. Moufti, S.A.; Zayed, T.; Dabous, S.A. Fuzzy defect based condition assessment of concrete bridges.
In Proceedings of the IEEE International Conference on Industrial Engineering and Engineering Management,
Piscataway, NJ, USA, 24–28 June 2013; pp. 1489–1494.
116. Ning, X.-L.; Tan, P.; Huang, D.-Y.; Zhou, F.-L. Application of adaptative fuzzy sliding mode control to a
seismically excited highway bridge. Struct. Control Heal. Monit. 2009, 16, 639–656. [CrossRef]
117. Ozbek, M.E.; De la Garza, J.M.; Triantis, K. Efficiency measurement of bridge maintenance using data
envelopment analysis. J. Infrastruct. Syst. 2010, 342, 31–39. [CrossRef]
118. Park, K.-S.; Koh, H.-M.; Ok, S.-Y.; Seo, C.-W. Fuzzy supervisory control of earthquake-excited cable-stayed
bridges. Eng. Struct. 2005, 27, 1086–1100. [CrossRef]
119. Rashidi, M.; Gibson, P. Proposal of a methodology for bridge condition assessment. In Proceedings of the
2011 Australasian Transport Research Forum, Adelaide, Australia, 28–30 September 2011; pp. 1–15.
120. Rashidi, M.; Gibson, P. A methodology for bridge condition evaluation. J. Civ. Eng. Archit. 2012, 6, 1149–1157.
121. Saito, M.; Sinha, K.C. Delphi study on bridge condition rating and effects of improvements. J. Transp. Eng.
1991, 117, 320–334. [CrossRef]
122. Sasmal, S.; Ramanjaneyulu, K. Condition evaluation of existing reinforced concrete bridges using Fuzzy
based analytic hierarchy approach. Expert Syst. Appl. 2008, 35, 1430–1443. [CrossRef]
123. Sasmal, S.; Ramanjaneyulu, K.; Gopalakrishan, S.; Lakshmanan, N. Fuzzy logic based condition rating of
existing reinforced concrete bridges. J. Perform. Constr. Facil. 2006, 20, 261–273. [CrossRef]
124. Stewart, M.G. Reliability-based assessment of ageing bridges using risk ranking and life cycle cost decision
analyses. Reliab. Eng. Syst. Saf. 2001, 74, 263–273. [CrossRef]
125. Tarighat, A. Model based damage detection of concrete bridge deck using adaptive neuro-Fuzzy inference
system. Int. J. Civ. Eng. 2013, 11, 170–181.
126. Tarighat, A.; Miyamoto, A. Fuzzy concrete bridge deck condition rating method for practical bridge
management system. Expert Syst. Appl. 2009, 36, 12077–12085. [CrossRef]
127. Chiang, W.; Liu, K.R.R.; Lee, J. Bridge damage assessment through Fuzzy petri net based expert system.
2000, 14, 141–149. [CrossRef]
128. Ugwu, O.O.; Kumaraswamy, M.M.; Kung, F.; Ng, S.T. Object-oriented framework for durability assessment
and life cycle costing of highway bridges. Autom. Constr. 2005, 14, 611–632. [CrossRef]
129. Zhao, Z.; Chen, C. A Fuzzy system for concrete bridge damage diagnosis. Comput. Struct. 2002, 80, 629–641.
[CrossRef]
130. Zhao, Z.Y.; Chen, C.Y. Concrete bridge deterioration diagnosis using Fuzzy inference system. J. Adv.
Eng. Softw. 2001, 32, 317–325. [CrossRef]
131. Wang, Y.-M.; Elhag, T.M.S. A Fuzzy group decision making approach for bridge risk assessment. Comput.
Ind. Eng. 2007, 53, 137–148. [CrossRef]
132. Liu, M.; Frangopol, D.M. Optimal bridge maintenance planning based on probabilistic performance
prediction. Eng. Struct. 2004, 26, 991–1002. [CrossRef]
133. Liu, M.; Frangopol, D.M. Multiobjective maintenance planning optimization for deteriorating bridges
considering condition, safety, and life-cycle cost. J. Struct. Eng. 2003, 131, 833–842. [CrossRef]

Sustainability 2016, 8, 1295

21 of 21

134. Neves, L.A.C.; Frangopol, D.M.; Cruz, P.J.S. Probabilistic lifetime-oriented multiobjective optimization of
bridge maintenance: Single maintenance type. J. Struct. Eng. 2006, 132, 991–1005. [CrossRef]
135. Kim, S.; Frangopol, D.M.; Zhu, B. Probabilistic optimum inspection/repair planning to extend lifetime of
deteriorating structures. J. Perform. Constr. Facil. 2011, 25, 534–545. [CrossRef]
136. Dong, Y.; Frangopol, D.M.; Saydam, D. Time-variant sustainability assessment of seismically vulnerable
bridges subjected to multiple hazards. Earthq. Eng. Struct. Dyn. 2013, 42, 1451–1467. [CrossRef]
137. Frangopol, D.M.; Soliman, M. Life-cycle of structural systems: Recent achievements and future directions.
Struct. Infrastruct. Eng. 2015, 12, 1–20. [CrossRef]
138. Chen, Z.; Abdullah, A.B.; Anumba, C.J.; Li, H. ANP experiment for demolition plan evaluation. J. Constr.
Eng. Manag. 2013, 138, 51–60. [CrossRef]
139. IBM Corp. IBM SSPS Statics for Windows, version 22.00; IBM Corp.: Armonk, NY, USA, 2013.
140. Gölcük, I.; Baykasoglu, A. An analysis of DEMATEL approaches for criteria interaction handling within
ANP. Expert Syst. Appl. 2016, 46, 346–366. [CrossRef]
141. Huang, K.-W.; Huang, J.-H.; Tzeng, G.-H. New hybrid multiple attribute decision-making model for
improving competence sets: Enhancing a company’s core competitiveness. Sustainability 2016, 8, 175.
[CrossRef]
142. Yang, Y.-P.O.; Leu, J.-D.; Tzeng, G.-H. A novel hybrid MCDM model combined with DEMATEL and ANP
with applications. Int. J. Oper. Res. 2008, 5, 160–168.
143. Ou Yang, Y.-P.; Shieh, H.-M.; Tzeng, G.-H. A VIKOR technique based on DEMATEL and ANP for information
security risk control assessment. Inf. Sci. 2013, 232, 482–500. [CrossRef]
144. Shen, K.-Y.; Hu, S.-K.; Tzeng, G.-H. Financial modeling and improvement planning for the life insurance
industry by using a rough knowledge based hybrid MCDM model. Inf. Sci. 2017, 375, 296–313. [CrossRef]
145. Liou, J.J.H.; Tsai, C.; Lin, R.; Tzeng, G.-H. A modified VIKOR multiple-criteria decision method for improving
domestic airlines service quality. J. Air Transp. Manag. 2011, 17, 57–61. [CrossRef]
146. Shen, K.-Y.; Yan, M.-R.; Tzeng, G.-H. Combining VIKOR-DANP model for glamor stock selection and stock
performance improvement. Knowl.-Based Syst. 2014, 58, 86–97. [CrossRef]
147. Tsui, C.-W.; Tzeng, G.-H.; Wen, U.-P. A hybrid MCDM approach for improving the performance of green
suppliers in the TFT-LCD industry. Int. J. Prod. Res. 2015, 53, 6436–6454. [CrossRef]
148. Liou, J.J.H.; Chuang, Y.-C.; Tzeng, G.-H. A fuzzy integral-based model for supplier evaluation and
improvement. Inf. Sci. 2014, 266, 199–217. [CrossRef]
149. Canto-Perello, J.; Martinez-Leon, J.; Curiel-Esparza, J.; Martin-Utrillas, M. Consensus in prioritizing river
rehabilitation projects through the integration of social, economic and landscape indicators. Ecol. Indic. 2017,
72, 659–666. [CrossRef]
150. Hu, K.-H.; Chen, F.-H.; Tzeng, G.-H. Evaluating the improvement of sustainability of sports industry policy
based on MADM. Sustainability 2016, 8, 606. [CrossRef]
151. Chang, D.-S.; Chen, S.-H.; Hsu, C.-W.; Hu, A.; Tzeng, G.-H. Evaluation framework for a alternative fuel
vehicles: Sustainable development perspective. Sustainability 2015, 7, 11570–11594. [CrossRef]
© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

