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Abstract. Sustainable design of infrastructures has become a major matter of study since the recent establishment of the
Agenda 2030. This paper provides a systematic literature review on the use of multi-criteria decision making techniques
used so far for the sustainable design of bridges. Special attention is put as well on how the reviewed studies assess the
sustainable performance of bridge designs along their life cycle from the economic, the environmental and the social per-
spective. Although SAW and AHP are recurrently used in the sustainable assessment of bridges, the analysis of the most
recent articles show that the application of TOPSIS and PROMETHEE techniques are gaining increasing relevance for such
purpose. Most of the studies focus on the research of the construction and the maintenance stage of bridges. However, a
need for further analysis is identified when it comes to the assessment of the impacts resulting from the End of Life cycle
stage of bridges from a sustainable point of view. The use of intuitionistic and neutrosophic logic have been detected as
emerging alternatives to the fuzzy approach of decision making problems.

Keywords: decision making, sustainability, bridge design, state of the art, MCDM, life cycle assessment.

Introduction

The recently established Sustainable Development Goals
(SDQ) in the Agenda 2030 claim for a paradigm shift in
the way things are done: sustainable designs and decisions
shall now seek solutions that maximise benefits and re-
duce negative impacts over time in the so-called three di-
mensions of sustainability, namely economy, environment
and society. This is especially relevant in the field of infra-
structures, as revealed by the ninth SDG, which explicitly
requires the design of infrastructures to be sustainable by
2030. The achievement of this particular SDG has been
recognised as an essential step towards the establishment
of the sustainable future sought by the Agenda 2030, given
that the construction sector is one of the main economic
and environmental stressors (Schmidt & Osebold, 2017;
Huang et al., 2020; Choi, 2019) existing nowadays. In
particular, although research is conducted on the sustain-
ability analysis of a variety of infrastructure types, such
as retaining walls (Zastrow et al., 2017), road pavements
(Ozcan-Deniz & Zhu, 2015; Torres-Machi et al., 2017),
buildings (Sanchez-Garrido & Yepes, 2020) and others,

special emphasis has been put in recent times on the sus-
tainable design of bridges. The relevance of the sustain-
ability of bridges is due to the fact that bridges are essen-
tial elements in the transportation infrastructure and the
transport sector is recognised as the second largest source
of carbon dioxide emissions (Torres-Machi et al., 2017).
Therefore, research has been conducted on the assessment
of the impacts resulting from the construction and main-
tenance of bridges in each of the three dimensions of sus-
tainability. Efforts have been made to reduce the economic
impacts of bridges by optimising the costs associated both
to construction (Garcia-Segura et al., 2014; Penadés-Pla
et al., 2020a) and to maintenance (Sabatino et al., 2016;
Navarro et al., 2018a). The environmental dimension of
sustainability has also been assessed in studies focused
on finding the most favourable design geometry (Garcia-
Segura et al., 2017a; Yepes et al., 2015) and maintenance
strategy (Navarro et al., 2018b, 2019a). Hammervold et al.
(2013) compare the environmental impacts along the life
cycle of three bridges considering routine maintenance.
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Zhang et al. (2016) take into account the uncertainties as-
sociated to environmental impact assessment. Only in the
last few years, research has been also conducted on the
assessment of social impacts related to construction and
maintenance of bridges (Navarro et al., 2020; Penadés-Pla
et al., 2020b) and roads (Sierra et al., 2017). Gervésio and
da Silva (2013) also assess the social dimension of bridge
design by incorporating social life cycle impacts in the
form of transport externalities derived from maintenance
activities.

The evaluation of sustainability requires, however, not
only of an appropriate assessment of each individual di-
mension of sustainability, but of the simultaneous consid-
eration of each of them as well. Given that sustainable as-
sessment relies on criteria of very different nature that are
usually in conflict (Salas & Yepes, 2020), the application
of Multi-Criteria Decision-Making (MCDM) methods has
aroused as an essential assessment tool when it comes to
sustainable design (Cinelli et al., 2014). The use of MCDM
techniques has been widely used over the last decades in
the field of engineering because of their advantages in han-
dling miscellaneous information, in involving a variety of
stakeholders’ preferences in the decision-making process,
and in considering unconnected criteria and uncertain
assessment scenarios (Zavadskas et al., 2016a, 2016b). In
recent years, Zavadskas et al. (2016¢, 2016d) and Jato-Es-
pino et al. (2014) reviewed the application of such meth-
ods to solve different civil engineering and construction
problems. Its application on the sustainability assessment
of infrastructures is, however, much more recent. Navarro
et al. (2019b) and Zavadskas et al. (2018) reviewed the use
of MCDM in studies focused on the design of sustainable
infrastructures attending to the different dimensions of
sustainability along the life cycle of the structures. Both
studies reveal a significant increase in the number of re-
search articles published since 2015, coinciding with the
year of establishment of the Agenda 2030 and the SDGs.
However, less attention has been paid to the application
of MCDM techniques applied to the sustainable design
of bridges in recent times (Penadés-Pla et al., 2016). The
present paper provides an updated, comprehensive review
of the state of the art regarding the use of MCDM meth-
ods for the sustainable design of bridges. Special focus is
put on how the different sustainability dimensions are as-
sessed when designing bridges, paying attention on the
particular criteria considered in the literature. Given the
relevance of bridges as key elements of the infrastructure
system, the present review is intended to provide a con-
sistent overview of the actual State of the Art, revealing
knowledge gaps that need to be addressed in order to be
able to achieve the ninth SDG of the Agenda 2030, namely
the design of sustainable infrastructures.

The rest of the paper is structured as follows. Section
1 presents the methodology of the research, describing
data sampling strategy followed. In Section 2, results are
presented. In particular, Section 2.1 provides a general
overview of the acquired data. Section 2.2 investigates how
sustainability is assessed in the analysed manuscripts, pay-

ing special attention on the sustainability dimensions as-
sessed and the criteria used to characterise each of them.
Section 2.3 presents the life cycle stages analysed in the
studies under review. Section 2.4 describes the MCDM
techniques applied and its distribution over time. Section
2.5 presents a brief review on how the subjectivity of de-
cision-making problems is handled. Section 3 provides a
statistical discussion of the obtained results. Final section
provides the conclusions of the present literature review.

1. Materials and methods

The data sampling strategy followed in the present system-
atic literature review consists of two main stages. The first
stage is intended to provide an initial set of articles ob-
tained through the application of a particular search algo-
rithm. In a second step, this set is then expanded through
an appropriate filtering and selection process. The review
is entirely focused on manuscripts refereed in SCOPUS
academic database. The search period is established from
1990 to 2020. The search algorithm used for the present
review for the construction of the initial set of papers
consists of a combination of three differentiated terms
connected by the Boolean operators AND and OR. The
first type of term includes concepts such as Multi-criteria
decision making or MCDM. The second concept system-
atically considered in the algorithm is obtained from a
term-vector that includes 14 specific MCDM techniques,
such as TOPSIS, ELECTRE, PROMETHEE, VIKOR, and
others. Finally, the third term is related to the particular
engineering field of interest for the present paper, namely
Bridge.

Some exclusion criteria are applied to filter the results
obtained and build the preliminary set of manuscripts.
First, only peer-reviewed articles are included in the set.
The obtained results are additionally filtered for the SCO-
PUS database category Engineering. It shall be highlighted
that the present study only considers articles written in
English. The resulting set of 157 papers is then qualita-
tively filtered considering two additional exclusion/accept-
ance rules. Firstly, those manuscripts that do not clearly
identify the MCDM technique used are excluded from the
set. Second, for the papers to be accepted, their research
scope shall be directly related to the sustainable design of
bridges. It is relevant to note that the concept of sustain-
ability was consciously not included in the search algo-
rithm, but considered qualitatively as exclusion criteria. If
considered in the algorithm, the initial set of papers would
have resulted in such a reduced number of papers that it
would have been impractical to work with. The described
filtering process resulted in an initial set of 31 articles.

Once this initial set is obtained, the references includ-
ed in each of the accepted manuscripts are then analysed.
The filtering process described above is applied to each
of them, so that finally an expanded set is constructed.
The final expanded set consists of 62 articles that have ex-
plicitly applied MCDM techniques for the sustainability-
oriented design of bridges up to 2020 (see Figure 1).
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Figure 1. Flowchart illustrating the systematic
data sampling process

2. Results

2.1. Overview of the results

The first research found dealing with MCDM techniques
applied to the sustainable design of bridges is dated in
1994 (Sobanjo et al., 1994). Since then, the number of
yearly publications on that topic has been scarce until
2008, when a first significant rebound is observed (Fig-
ure 2). A second relevant rebound is observed between
2014 and 2015. It is found that almost 50% of the total
amount of publications are condensed between 2015 and
the present. This is coincident with the fact that in 2015

the Sustainable Development Goals were established by
the General Assembly of the United Nations, thus increas-
ing the interest of the scientific community on that area
of research.

Figure 3 shows the number of publications by country.
It is observed that, in terms of the number of publications,
the countries that have most contributed to the applica-
tion of MCDM techniques for the sustainable design of
bridges are the United States (12 articles), China (10 arti-
cles) and Taiwan (9 articles), followed by Iran (6 articles)
and Spain (5 articles).

V77) Number of publications
I 60
10 ?
—— Acc. number of publications 7z

/

F 50
% 40

%
| =

P e -

LT JY- B S N -
S o929 22
S S S S S S S
Aaaaaaaq

Figure 2. Distribution of publications over time (1994-2020)

156 authors have been involved in the development of
the 61 selected manuscripts on the topic of this review. Ta-
ble 1 shows the 15 authors that have published more than
one paper, as well as their institution and their countries.

MCDM are used to assess variety bridge design-relat-
ed aspects from the point of view of sustainability. A first
group of authors is identified that focus their studies on
the analysis of rehabilitation strategies, such as Sobanjo
et al. (1994), Chassiakos et al. (2005), Dabous and Alkass
(2008), Yehia et al. (2008), Jajac et al. (2017), Bukhsh et al.
(2018, 2019), Contreras-Nieto et al. (2019), and Pipinato
et al. (2020). Rashidi et al. (2017) focus their research on
the sustainability of different maintenance options on
steel bridges. Dabous and Alkass (2010, 2011), Liu et al.

Number of publications
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6

i

=

2 No data

Figure 3. Distribution of publications by country
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(2018) and Chou et al. (2013) approach the maintenance
and investment problem from the point of view of bridge
network planning. Fabianowski and Jakiel (2019) also de-
vote their study to the sustainable assessment of differ-
ent management strategies affecting a network of existing
railroad bridges.

Other authors apply MCDM techniques for the sus-
tainable assessment of different materials for the design
of bridges (El-Mikawi & Mosallam, 1996; Navarro et al.,
2018a, 2018b, 2018¢, 2020; Enfedaque et al., 2018). A main
source of decision-making problems has been found to be
the selection of the bridge type (Itoh et al., 2000; Ugwu
et al., 2006; Wang et al., 2010; Balali et al., 2014; Kripka
et al., 2019; Farkas, 2011; Gu et al,, 2011; Arya et al., 2015)
or construction techniques (El-Diraby & O’Connor, 2001;
Pan, 2008; Salem et al., 2018; Jia et al., 2018; Mousavi et al.,
2014; Chen, 2018, 2020). Ardeshir et al. (2014) apply fuzzy
AHP for the selection of an adequate bridge construction
site considering sustainable criteria. Malekly et al. (2010)
apply MCDM to choose the best superstructure design
alternative by combining Quality Function Deployment
with TOPSIS. Gervésio and da Silva (2012) explicitly
include in the sustainability assessment the uncertain-
ties associated with the criteria evaluation. Senapati and
Yager (2019) and Chen (2019) apply novel fuzzy MCDM
methods for the evaluation of different construction al-
ternatives of a bridge. Rempling et al. (2019) propose a
novel automatised design methodology focusing on the
minimisation of economic costs and environmental im-
pacts of bridges.

Some authors applying MCDM techniques devote
their studies on the risk assessment of bridges from a sus-
tainable perspective (Wang & Elhag, 2006, 2007; Wang
et al., 2008; Peng, 2019; Shen et al.,, 2016). Sabatino et al.
(2015) assess the risk of a particular bridge design using
the multi-attribute decision-making technique. Yadollahi

et al. (2015) assess the sustainability of an existing bridge,
namely the Penang Second Bridge in Malaysia. Aghdaie
et al. (2012) assess the sustainability of a footbridge in
Sari City, in Iran. Different construction methods for a
particular case study have been assessed from a sustain-
able perspective assuming an intuitionistic fuzzy method
with likelihood preferences by Chen (2014, 2015, 2016)
and Wang & Chen (2015). Bansal et al. (2017) assess the
sustainability of two bridge projects under construction in
Delhi over the Yamuna River. Tan et al. (2020) investigates
the management of the recently collapsed Zijin Bridge in
China, including sustainable criteria in the evaluation.

Sasmal and Ramanjaneyulu (2008) apply fuzzy-based
AHP for the condition evaluation of concrete bridges.
Jakiel and Fabianowski (2015) and Keshavarz-Ghorabaee
et al. (2018) have used such approach for the sustainable
assessment of alternative bridge design options. The Ana-
lytic Network Process is used by Chen et al. (2014) for the
sustainable assessment of different demolition options of
a bridge. Wang (2017) evaluates the sustainability of dif-
ferent construction materials suppliers for bridges based
on so-called alpha sets. Cau and Hong (2017) apply group
decision-making methods to evaluate different investment
alternatives for a particular bridge case study. Kifokeris
et al. (2018) also assess the condition and quality of an
existing bridge based on a group decision-making process.
Wang et al. (2018) includes the risk attitudes of experts in
the decision-making process.

2.2. Distribution based on the sustainability
dimension assessed

As derived from its first definition in 1987 (World Com-
mission on Environment and Development [WCED],
1987), sustainability involves three differentiated dimen-
sions, namely the economic, the social and the environ-
mental one. These dimensions are usually in conflict, and

Table 1. Authors per number of publications

Author Number of publications Institution Country
Chen, T. Y. 7 Chang Gung University Taiwan
Alkass, S. 3 United Arab Emirates University United Arab Emirates
Elhag, T. M. S. 3 Heriot-Watt University United Arab Emirates
Wang, Y. M. 3 Fuzhou University China
Yepes, V. 3 Universitat Politécnica de Valéncia Spain
Dabous, S. A. 2 University of Sharjah United Arab Emirates
Fabianowski, D. 2 Politechnika Opolska Poland
Frangopol, D. M. 2 Lehigh University United States
Gervasio, H. 2 University of Coimbra Portugal
Jakiel, P. 2 Politechnika Opolska Poland
Klanker, G. 2 Rijkswaterstaat Netherlands
Marti, J. V. 2 Universitat Politécnica de Valéncia Spain
Navarro, L. J. 2 Universitat Politecnica de Valéncia Spain
Stipanovic, 1. 2 University of Twente Netherlands
Zavadskas, E. K. 2 Vilnius Gediminas Technical University Lithuania
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MCDM techniques are required to account for each of
them in the achievement of sustainable solutions. In line
with that, 66% of the reviewed articles conduct three-di-
mensional assessments, while 10% of them (six articles)
base their results in one-dimensional approaches. The re-
maining 24% of the articles account for two sustainability
dimensions simultaneously. Figure 4 shows the distribu-
tion over time of the number of publications basing their
studies on one-, two- or three-dimensional approaches. It
is observed that, since 2015, the number of papers con-
ducting a three-dimensional assessment approach has in-
creased 273%, which doubles the increase ratio observed
for the other two approaches. Such observation is in line
with the increasing interest on sustainability and sustain-
able solutions in civil engineering since the establishment
of the SDG.

Attention is paid to the criteria that are considered in
the analysed studies for the assessment of each dimension
of sustainability. The criteria considered by the 58 articles
that include the economic impacts in their assessments are
based on the direct costs derived from the construction
of the bridge, from its maintenance along its service life,

45
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or from its demolition. It can be observed that, but for
the economic dimension, there is no consensus regarding
which criteria shall be used when assessing the environ-
mental and the social impacts of bridges. 48 articles in-
clude environmental criteria in their studies. For the pur-
pose of the present analysis, the variety of environmental
impacts considered in the reviewed papers are grouped
into 8 categories (Figure 5), namely emission of pollut-
ants, energy consumption, material consumption, solid
waste generated, eutrophication, use of land, ozone layer
depletion, and “Environmental Impact”/ Unspecified. The
environmental criterion that has been used most by the
reviewed articles (21 papers) is the emission of pollutants.
On the contrary, four authors (Gervasio & da Silva, 2012;
Bukhsh et al,, 2018, 2019; Navarro et al., 2020) only con-
sider the impact on the ozone layer depletion derived by
construction and maintenance activities of bridges. It is
worth noting that, among the articles investigated, only
three base their environmental results on the use of spe-
cific, recognised environmental impact assessment tech-
niques. On the one hand, Navarro et al. (2020) apply the
life cycle impact assessment technique ReCiPe, including

40
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Figure 4. Dimensional approach for the sustainable assessment of bridge designs
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Figure 5. Environmental impact categories considered in the sustainability assessment of bridges
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all the impact categories of such technique in their work
and explicitly following the environmental ISO stand-
ards for the assessment. On the other hand, Bukhsh et al.
(2018, 2019) apply the CML 2001 methodology. It shall
be mentioned that Gervésio and da Silva (2012) base their
life cycle environmental assessment on the environmental
ISO standards, although they do not explicitly mention
the impact assessment technique used. Among the 48 arti-
cles assessing impacts to the environment, it shall be noted
that 27 of them do not explicitly describe neither which
particular impacts they are assessing nor how they evalu-
ate them. These have been grouped in Figure 5 under the
category “Environmental Impact”/ Unspecified.

Figure 6 presents the nine main categories that have
been found to be recurrent in the 53 articles that assess so-
cial aspects, namely the impacts on the users of the bridge,
aesthetics, the health and safety of both users and workers,
externalities derived from construction activities, such as
noise, vibrations or dust, the impact on local economies,
social wellbeing, culture and heritage preservation, em-
ployment of local workforce and innovation. These impact
categories are in line with the 33 categories recommended
by the UNEP/SETAC (2009) for the five different stake-
holders suggested for the social life cycle assessment of
products, namely the local communities, the value chain
actors, consumers, workers and society. From the above-
mentioned five stakeholders suggested by UNEP/SETAC
(2009), social impacts on local communities are assessed
by 39.5% of the studies, namely those evaluating impacts
on cultural heritage, local employment generation, the
externalities and the public acceptance of the bridge and
its aesthetics. The stakeholder Society is taken into ac-
count by 14.3% of the studies, namely those considering
impacts on the development of local economies (Ugwu
et al., 2006; Aghdaie et al., 2012; Bansal et al., 2017; Cau
& Hong, 2017; Navarro et al., 2018a, 2018b, 2018¢; Salem
et al., 2018; Wang et al., 2018), on the social wellbeing and
the inclusion of innovation (Wang et al., 2010; Ugwu et al.,
2006) in the bridge design. The stakeholder Workers is as-
sessed by 19.3% of the articles, which consider the health
and safety related to working conditions as a main source
of social impacts. At last, the stakeholder category Users
is accounted by 26.9% of the studies. The impacts derived

Innovation
Local workforce
Culture

Social wellbeing ¢
Local economies
Externalities
Health
Aesthetics

Users ¢

along the life cycle of a bridge on the Value Chain Actors
are not considered by any of the papers reviewed.

As shown in Figure 6, the most assessed among the
abovementioned impact categories are the ones related
to users (32 papers), aesthetics (26 papers) and health
(23 papers). While the impacts on health and aesthetics
or public opinion can be measured with similar metrics
regardless of the infrastructure under study, the impacts
on users are closely related to the particular type of in-
frastructure assessed. Being bridges a particular case of
transport infrastructure, it has been found common prac-
tice among the reviewed studies to assess impacts on users
by means of three main metrics: Vehicle Operating Costs,
Delay Costs and an unspecified Traffic Disruption metrics.

2.3. Distribution based on life cycle stage assessed

The sustainable design of products requires a life-cycle ap-
proach to analyse and evaluate the impacts derived from
it over time. This life-cycle perspective is particularly rel-
evant when it comes to the assessment of infrastructures,
where designs are required to provide long-lasting struc-
tures that resist over 50-100 years. The relevant life cycle
stages common in the assessment of any infrastructure are
the construction phase, the use stage and the End of Life
or Demolition stage. In recent times, and for the particular
case of bridges, it has been shown that both the impacts
associated to construction, as well as those related to the
maintenance and End of Life stage of their life cycles result
in significant economic, environmental and social impacts
(Frangopol & Soliman, 2016; Garcia-Segura et al., 2017b;
Penadés-Pla et al., 2017). Figure 7 shows the number of
publications that have considered one, two or the three
stages of bridges life cycle in their studies, as well as their
distribution over time.

Only two articles (3% of the total amount of articles
reviewed) have been found that explicitly consider the
three bridge life-cycle stages (Gervasio & da Silva, 2012;
Navarro et al., 2020) when assessing sustainability. On the
contrary, 68% of the articles reviewed base their studies on
the sole consideration of one life-cycle stage, assessing the
impacts derived either from the construction or from the
use stage. It is observed that the most assessed life-cycle

Stakeholder category Impact
(UNEP/SETAC, 2009) category

Society Local economies
Social wellbeing
Innovation

Workers Health

Users Users

Local communities Local workforce
Culture
Externalities

Aesthetics

Value chain actors

20 25 30 35

Number of publications

Figure 6. Social impact categories considered in the sustainability assessment of bridges
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Figure 7. Life Cycle stages analysed over time in sustainability assessment of bridges

stage is the maintenance phase, considered by 66% of the
reviewed articles. The impacts derived from the construc-
tion stage where considered in 60% of the articles, while
the least assessed stage is the End-of-Life, accounted by
only 4.8% of the studies.

2.4. Distribution based on the
MCDM method applied

MCDM methods shall be classified into five main catego-
ries, namely scoring methods, distance-based methods,
those based on pairwise comparison, outranking meth-
ods and utility methods. Scoring methods are based on
the direct application of basic arithmetic to find the pre-
ferred solution in multi-criteria problems. Simple Additive
Weighting (SAW) and Complex Proportional Assessment
(COPRAS) are examples classified under this category.
Distance-based methods obtain the best solution evaluat-
ing its distance to both the optimal and the worst existing
solution. Examples of such methods are the Technique for
Order of Preference by Similarity to Ideal Solution (TOP-
SIS) or the Multi-criteria Optimization and Compromise
Solution (VIKOR). There are methods that entirely base
the decision on the pairwise comparison between alter-
native solutions, such as the Analytic Hierarchy Process
(AHP) or the Analytic Network Process (ANP). Outrank-
ing methods, such as the Preference Ranking Organization
Method for Enrichment of Evaluations (PROMETHEE)
or the Elimination and Choice Expressing Reality Method
(ELECTRE) base the decision on the establishment of a
degree of dominance between alternatives. At last, Multi-
Attribute Utility method (MAUT) is an example of the
utility-based MCDM methods that base the preference on
the degree of satisfaction expected by each alternative.
The MCDM techniques used when assessing the
sustainability of bridges are presented in Figure 8. It is
observed that most of the reviewed articles apply scor-

Number of publications

T

§
¥

Distance-based
methods

Pairwase
comparison
methods

Scoring
methods

Outranking
methods

Utility/Value
methods

Figure 8. MCDM methods used in sustainable design
of bridges by category

ing methods in their studies. In view of the results, it is
derived that there is no clear preference for one of the de-
cision-making methods, as the remaining techniques are
used by approximately 20% of the reviewed papers each.
There is, indeed, a significant difference when it comes to
the less used techniques, namely those based on the utility,
which are used by only 10% of the studies.

Figure 9 shows the distribution of the use of the par-
ticular decision-making techniques over time on the top-
ic of sustainable design of bridges. Results are presented
for those techniques that have been used in more than
two studies, namely AHP, SAW, TOPSIS, MAUT, PRO-
METHEE and VIKOR. 11 articles have applied a variety of
other techniques, which have not been included in Figure
9 for the sake of simplicity. It is noted that the most used
MCDM method is the direct application of AHP, which
has been used to derive preferences among alternative so-
lutions by 24% of the reviewed publications. It is observed
that its application is relatively constant over time. SAW
is the second most applied technique, used by 18% of the
authors. In spite of the significant use of SAW in decision
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making problems, due to its ease of use and understand-
ing, during the last years there is an increasing interest in
the use of other alternative techniques. Such is the case of
TOPSIS, MAUT or VIKOR, whose application in sustain-
able bridge design has increased significantly since 2016.

2.5. Distribution based on logic applied

Great concern has arisen in recent times regarding the
subjectivity related to some MCDM process steps and how
this affects in the final decision making. Criteria weighting
is by far the most subjective step in decision making, as
experts are usually required to provide judgements upon
which weights are determined. The use of the convention-
al logic (i.e. the so-called crisp numbers) presumes every
assignment to be certain and precise. However, when it
comes to complex decision making problems, such as
those related with sustainability, this assumption has be-
come object of strong criticism (Radwan et al., 2016). As
a means to model and include the non-probabilistic un-
certainties associated to subjective judgements, alternative
mathematical logics have been used during the past years
to handle linguistic variables and deal with the vagueness
of human thinking (Fallahpour et al., 2020; del Caro et al,,
2016).

Figure 10 shows how different mathematical logics
have been incorporated in the sustainability assessment
of bridges and its distribution over time. Although the
majority of studies base their results on the use of crisp
logic, 38% of the reviewed manuscripts incorporate fuzzy
logic in their assessments. It can be observed that the ap-
plication of fuzzy logic in the sustainable design of bridges
follows an almost parallel evolution if compared to the
application of crisp numbers. It is observed that, in recent
times, other alternative, more complex logics have been
used to mathematically model the subjectivity in deci-
sion making problems. So, grey numbers have been used
by Aghdaie et al. (2012). The intuitionistic numbers are
a generalisation of the fuzzy numbers, and allow model-
ling a wider range of subjective judgements. Intuitionistic
logic has been applied by almost 7% of the reviewed stud-
ies since 2014 (Chen, 2015, 2016; Shen et al., 2016; Chen
et al,, 2014). Only in very recent times, neutrosophic logic
has been applied as a further generalisation of the fuzzy
and intuitionistic logic, as it allows modelling a wide vari-
ety of judgements, such as contradictory or paradox state-
ments. Neutrosophic logic has been implemented in only
one study devoted to the sustainability assessment of dif-
ferent bridge design alternatives in coastal environments
(Navarro et al., 2020).

Number of publications
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Figure 9. Distribution over time of the main MCDM techniques used in sustainable bridge designs
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3. Discussion
3.1. Discussion of the results

The results of the present literature review reveal that AHP
is currently the most used technique when dealing with
the sustainability of bridges, followed by SAW. The popu-
larity of SAW is due to the ease of its use and interpreta-
tion of the results. However, SAW technique shall only
be used when all the criteria are maximising. Therefore,
when it comes to complex problems, such as those related
to the sustainability assessment of long-lasting structures,
where criteria are usually in conflict, SAW technique re-
quire criteria to be adequately normalised, which is one
of the main limitations of this method (Podvezko, 2011).
In recent times, the use of other decision-making meth-
ods, such as TOPSIS and PROMETHEE, has increased
significantly as an alternative to SAW. Similar trends in
the use of MCDM techniques are also revealed in other
fields of civil engineering related to sustainability. To cite
some recent examples, Mardani et al. (2015) detects this
trend when analysing MCDM techniques used to solve
construction management problems. The review conduct-
ed by Kaya et al. (2018) on the MCDM methods used in
relation to the selection of energy policies also presents
SAW as the most popular technique, followed by TOPSIS
and PROMETHEE.

In view of the results, TOPSIS and PROMETHEE
seem to provide an interesting alternative to overcome the
drawbacks associated to the simple additive weighting, not
only in the field of civil engineering, but in other fields as
well, such as product recovery (Ilgin et al., 2015) or the
automotive industry (Noryani et al., 2018). On the one
hand, TOPSIS is a distance-based technique that provides
that particular solution that is simultaneously closest to
the ideal solution, and farthest to the least desired alter-
native. The increasing popularity of this method relies on
its transparency along the decision-making process and
its adequacy to represent the rationale of human think-
ing. In addition, TOPSIS is a highly flexible method that
allows for a comprehensive accommodation to the ever
more used fuzzy (Issa et al., 2019; Polat et al., 2017) or
neutrosophic (Navarro et al., 2019b) environments, with-
out prejudicing its simplicity of use.

On the other hand, PROMETHEE belongs to the fam-
ily of outranking multi-criteria methods, where the alter-
natives under consideration are compared pairwise and
scored between 0 and 1 by means of a preference function.
This method has experienced several modifications since
its first definition to adapt to the different boundaries of
the problem to be solved. PROMETHEE 111, for example,
is intended for those decision making problems where in-
formation is partially missing. However, one of the limita-
tions of these methodologies is that they provide not so
comprehensive results, and that the ranking of alternatives
can significantly change when new options are included
(Gervasio & da Silva, 2012).

Zavadskas et al. (2018) conduct a literature review
on the MCDM techniques used in civil engineering to
achieve sustainable solutions, also resulting in AHP and

TOPSIS to be the most popular techniques. Zavadskas
et al. (2016b) when analysing the application of MCDM
techniques in civil engineering obtained similar results.

3.2. Statistical discussion

A correspondence analysis of the presented results is con-
ducted in order to reveal the statistical relations that exist
between them. Particular attention is paid to the relations
existing between the MCDM techniques used, the sustain-
ability dimensions assessed and the life cycle stages con-
sidered in the studies included in this review. Figure 11
shows the correspondence relations between the variables
Life-cycle stage and the MCDM category used for the sus-
tainability assessment. Two variables can be identified that
clearly show a greater statistical inertia in relation to the
others, namely the variables called End of Life and the
Utility/ Value. It can be observed that, while the reviewed
articles similarly address both the construction and the
maintenance stage, the end of life stage is only marginally
considered in the studies. In fact, only three manuscripts
account for this life cycle stage in their sustainability as-
sessments. Penadés-Pla et al. (2016) have previously re-
ported similar results in a literature review conducted
on MCDM techniques used for the sustainable design of
transport infrastructures.

On the other hand, it can be observed that, in statisti-
cal terms, the different MCDM categories are indistinctly
used in the assessments, but for the case of those based
on the use of the multi-attribute utility function. Such
techniques have been used only in very recent times in
the field of bridges design, as shown in Figure 9, and are
used in studies that solely assess the maintenance stage of
bridges. Consequently, the use of MAUT in sustainability
assessment of bridges shows a relatively reduced inertia
with respect to the horizontal axis of the correspondence
analysis presented. An exception to this is the study con-
ducted by Dabous and Alkass (2011) that also assesses the
construction stage from a sustainable perspective using
MAUT. Concerning the remaining variables, namely the
life cycle stages Construction and Use and Maintenance,
and the rest of the MCDM categories analysed, a similar
statistical interaction shall be found between them, al-
though no clear relation shall be derived in view of the
results.

The statistical relations between the MCDM category
and the sustainability dimension assessed are presented
in Figure 12. From the results obtained, it can be derived
that the environmental dimension of sustainability is sta-
tistically related to the MCDM categories called Outrank-
ing and Others. On the contrary, the economic dimension
is more usually assessed by means of distance-based and
pairwise comparison-based MCDM techniques. As can
be observed, MCDM based on scoring is almost used
indifferently to assess any of the three sustainability di-
mensions, but presents a slightly closer statistical distance
to the social one. In general, in spite of the relations ob-
served, there is no strong statistical interaction between
none of the analysed variables.
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3.3. Limitations of the study

The present study consists on a systematic literature re-
view. Given the recent strong interest in the field of sus-
tainable design, such systematic studies are advantageous
because they can provide a more objective overview of the
state of the art through the inclusion of strict inclusion/ex-
clusion rules. However, this is at the same time one of the

main limitations of such objective reviews, as the obtained
results are influenced by the search algorithms considered
and the databases consulted. The present study aims to
compensate such limitation through the inclusion of a
second searching round, where the original set of articles
derived from the systematic revision process (31 contribu-
tions) is expanded up to 62 contributions.
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Conclusions

This paper presents a systematic literature review on the
use of MCDM techniques for the sustainability assess-
ment of bridge projects. 62 articles published since 1994
have been examined that address the sustainable design
of bridges a decision-making problem. It has been found
that the most assessed environmental aspect is the emis-
sion of pollutants. It is important to highlight that 47%
of the articles that assess the environmental consequences
related to bridge construction and maintenance do not ex-
plicitly specify the environmental impacts considered in
their studies. Only three articles base their environmental
assessments on recognised life cycle impact assessment
techniques, such as ReCiPe or CML 2001.

When it comes to assessing the design of bridges from
a social perspective, it has been found that most of the
studies assess mainly three social impacts, namely those
related to the impact of bridge maintenance on users, to
the aesthetics of the bridge, and to the health and safety
of workers, assessing other socially relevant aspects, such
as social wellbeing or economic development of regions,
only marginally. An important knowledge gap has been
detected, as it has been found that none of the reviewed
articles considers the value chain actors in their studies.

It has been observed that most of the reviewed arti-
cles base their sustainability assessments on the analysis
of the construction or the maintenance life cycle stage
of bridges. On the contrary, the End of Life of bridges is
only addressed by three articles, thus revealing an impor-
tant knowledge gap regarding the impacts derived from
the demolition and decommissioning of such infrastruc-
tures. Such finding is also revealed by the results derived
from the statistical correspondence analysis conducted on
the analysis of the variables Life Cycle Stage and MCDM
method. It has also been observed that, while the fuzzy
logic is widely used for the MCDM-based sustainability
assessments, the more advanced intuitionistic or neutro-
sophic logic has been used only to a limited extent.

Regarding the MCDM techniques used in the studies,
it has been found that the use of methods based on the
multi-attribute utility value is the least applied decision-
making technique. AHP and SAW have been found to be
the most popular decision-making techniques applied so
far in the field of sustainable bridge design, followed close-
ly in recent times by TOPSIS and PROMETHEE. In view
of the results obtained from the correspondence analy-
sis, it is concluded that, in statistical terms, the different
MCDM techniques are indistinctly used when assessing
different life cycle stages. An exception to this statement
is the use of MAUT, that has mainly been applied for the
assessment of the maintenance stage. When it comes to
the assessment of the different sustainability dimensions,
the correspondence analysis reveals that the environmen-
tal perspective is statistically related to the outranking
MCDM techniques, while the economic dimension is
more usually assessed by means of distance- and pairwise
comparison-based MCDM methods.
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