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Abstract

This work is based on the case study of a multiple-criteria decision analysis, aimed for the students of
the Predictive and optimization models for concrete structures subject, which is taught in the master’s
degree in Concrete Engineering at the Universitat Politécnica de Valencia. This course features
different blocks, among which the optimization of structural and constructive elements by different
techniques stands out. Additionally, different techniques of multiple-criteria decision analysis are
studied. This case study allows the comparison between two different evaluation methods; the direct
comparison method SAW, and the pairwise comparison method AHP. The object of this study is to
carry out an analysis of the different types of structural alternatives of a bridge. In this case, four
possibilities are considered: Lower Arch, bowstring, cable-stayed and box-girder bridges; for a span
length of 100 m, without any supports due to the environmental conditions. The student will acquire
different competencies that will allow him, not only to obtain the technical knowledge, but also the
capacity to analyze, and solve problems, creativity, innovation, as well as an ethical, professional and
environmental awareness. The result of this article opens a field for the investigation of these type of
processes through other methods of multiple-criteria decision analysis.

Keywords: multi-criteria, decision making, composite structures, steel-concrete, construction, bridge,
postgraduate education, structural design.

1 INTRODUCTION

1.1 Postgraduate studies in the engineering field

Training and education in engineering is a fundamental part of the development of any country. Taking
courses and postgraduate Master’s helps the students to obtain the necessary knowledge to be able
to specialize in a specific scientific field. In Spain there are many universities that offer various masters
and courses. The Universitat Politécnica de Valéncia, offers several of them among which is the
Master's Degree in Concrete Engineering. It has the EUR-ACE International Seal of Excellence, which
certifies that these studies have a broad compliance with the professional requirements of
engineering. The purpose is to perform a work within the field of "Predictive and optimization models
for concrete structures” where our team of researchers has developed different works [1-12].

1.2 Background

For years, construction projects have had a very high magnitude and complexity that require
specialized engineers with more experience. In addition, these designs must have the quality of being
sustainable, a concept that is now booming, defined as the "Development that meets the needs of the
present without compromising the ability of future generations to meet their own needs" [13]. With this
long-term vision, the study of the life cycle has become one of the basic tools to be able to make
decisions in the design of any construction. It is precisely in this sector, where reaching an agreement
between the social, environmental and economic aspect makes possible the sustainability of the
design [14-16] to achieve this consensus, the use of decision-making methods is necessary [17-21].

In decision making we find different criteria and different alternatives to choose from [21-24]. These
criteria are of different importance and are those who incline us for one alternative or another. To be
able to safely take the most appropriate option it is necessary to have a tool that allows us to measure
the importance by means of a barometer based on different scales [25, 26].

Making an appropriate decision-making is a complicated task if there are many alternatives and if the
criteria used are contradictory [27]. For this purpose, support tools are used to facilitate the choice [20,
28]. These tools are analytical techniques that allow us to determine some weighting factors of the
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criteria that have been considered [29, 30]. Some researchers have developed these methods
combining them with others and have developed tools that could be coupled to other organizational
and activity needs [31, 32]. In this paper, we are going to focus on two methods for decision making,
and with them we will assess which one of the four bridges analyzed is the one that has the greatest
possibility to be built in a real sustainable design.

2 MULTI-CRITERIA DECISION-MAKING METHOD

Decision making is an action that appears daily, many situations require the need to choose one
alternative among others. Commonly, that decision has an easy solution because only it only
considers one criterion. But in the professional trajectory of an engineer, the decisions that have to be
made carry an important impact, in terms of cost, or environmental and social impact among others.
Because of this, the decision-making process takes an important role to assess the different
alternatives and decide which one is the most suitable one according to various criteria.

When the problem only depends on one variable, the optimum solution is the one that minimized or
maximizes that criteria. Real problems usually have lots of aspects that could be contradictories
between them and come into conflict. Problems that take into account more than one criteria are
difficult to evaluate directly, because of this, the multi-criteria decision making methods were
developed to allow the assessment of a number of alternatives or solutions A; (i=1, 2,..., n) based in
the score of each alternatives r; in relation to a number of criteria C; (j=1,2,..., m). The interaction
between the solutions and the criteria could be expressed as the decision matrix Mmn:

Figure 1. Decision matrix

The punctuations vary depending on the criteria. If the criteria are quantitative (e.g. cost), the value of
the punctuation is a number, whereas if it is qualitative (e.g. aesthetic), to assign a value of
punctuation is more difficult, usually the alternatives are classified according to an assessment scale.
Subsequently, that classification is transformed in numerical values.

We have seen that criteria could be qualitative or quantitative, furthermore, the range of values of the
assessment of each criteria could be different. Because of this, the punctuations need to be
normalized and the original values r; are transformed to rj normalized. Concurrently, the weight wi of
the criteria C; depending on the importance of that criteria to the final goal must be obtained.
Therefore, the decision matrix, is converted in another matrix before being evaluated, where the initial
scores rj have been in normalized with associated weights vj:

!

Vij = Wi " 1y (1)

Weights are associated with the relative importance of the criteria to achieve the final score of the
solution. The weight allocation is an important factor, because slight variations of these weights could
mean a change in the selected alternative. There are a lot of methods for weight assigning, which
could be objective or subjective. In this case, two subjective weight assigning method have been used:
A direct comparison method and a pairwise comparison one.

2.1 Direct scoring methods

Decision makers assign directly the criteria weights, they must rate different criteria considering a
scale, usually distributing 100 points between the different criteria assigning them a percentage.
These are the simplest methods, based on evaluating the different alternatives through basic
arithmetic operations.
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The Simple Additive Weighting (SAW) method is the oldest, it assesses the different alternatives by
making the sum of the normalized value of each criterion by its corresponding weight.

2.1.1 Simple Additive Weighting (SAW)

This is the simplest and the most used multi-criteria decision-making method. It assesses the different
alternatives by making the sum for each alternative (Ai) of the normalized value of each criterion (r’)
multiplied by its corresponding weight (w;).

m m
Sj:ZWi'Ti’j:ZUU (2)
) ¢

L i=1

Once the sum is obtained for all the alternatives, they are compared and ranked with an ascending
order. The alternative whose value is the greatest will be the best. The allocation of the relative weight
of each criterion is directly assigned by experts. The normalization of an alternative criterion is
performed by the division of the criterion value of that alternative between the maximum value of that
criterion for all alternatives:

®)

At first SAW was thought only to maximize criteria that are positive, therefore, it has two limitations
that should be taken into account. On the one hand, to normalize the criteria to be minimized, a
conversion of this minimization is made by a maximization, so that the normalization of an alternative
criterion is made by the division of the minimum value of that criterion for all alternatives between the
value of the criterion of that alternative:

;o mmj . rij

Tij = T (4)

2.2 Pairwise comparison methods

Pairwise comparison methods are very useful to obtain the weights of the different criteria and to
evaluate subjective criteria by compared the alternatives to each other. The Analytical Hierarchy
Process (AHP) method was the first one to be developed, and one of the most used methods in
decision making problems.

2.2.1 Analytical Hierarchy Process (AHP)

The Analytical Hierarchy Process (AHP) method was the first to be developed by Thomas L. Saaty,
which coupled with its simplicity has made it a widely used and popular decision-making method. To
this end, a decision-making problem must be structured in a hierarchical way where the final objective
is at the highest level, and the criteria and sub-criteria at the lower levels as shown in Fig. 2 it is very
important the right choice of criteria and sub-criteria, which must be very well defined, relevant and
mutually exclusive.

When defining the hierarchical structure, it should be taken into account that the number of criteria
should not be excessive. For example, according to Bahurmoz [25], the number of criteria and sub-
criteria in each level should not be greater than 7, in order to avoid an excessive pairing, and Miller
[33] says that the number of criteria assimilated by the people is 7+2.

After defining the hierarchical structure, the comparison of the criteria of each group of the same
hierarchical level is made, and the direct comparison by pairs of the alternatives with respect to the
criteria of the lower level. This process will be systematically repeated in ascending direction until the
final objective is assessed. These valuations are carried out by means of the fundamental scale
proposed by Saaty [26] of Table 1.
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Figure 2. AHP hierarchical structure

Table 1. Saaty Scale

Intensity  Definition Explanation

1 Equal importance Two activities contribute equally to the objective

3 moderate Importance  Experience and judgement strongly favour one activity over another
of one over another

5 Essential or strong Experience and judgement strongly favour one activity over another
importance

7 Very strong An activity is strongly favoured and its dominance demonstrated in
importance practice

9 Extreme importance The evidence favouring one activity over another is of the highest

possible order of affirmation
2,4,6,8 Intermediate values When compromise is needed

In both, the comparison of the different alternatives to the criterion of the level inferior of the
hierarchical structure, as well as the comparison of the different criteria of the same hierarchical level
a matrix called the decision matrix is used. Each time an array is generated, the consistency of this is
evaluated. This is done to detect contradictions in the valuation of decision makers. This consistency
is obtained by the Consistency Index (Cl) where Amax is the maximum eigenvalue and n is the
dimension of the decision matrix. A consistency index equal to 0 means that the consistency is
complete. Once the consistency index is obtained, the consistency ratio (CR) is obtained by being
accepted as long as it does not exceed 10%.

1 _
cl = max — 1 5)
n—1

I
" RI

Once the consistency is verified, weights are obtained, which represent the relative importance of
each criterion or the priorities of the different alternatives with respect to a certain criterion. To do this,
the original AHP uses the method of the eigenvalues, where the following equation must be resolved:

CR (6)

A-w=2Ana W (7)
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Where A represents the comparison matrix, w the eigenvector or vector of preference, and Amax the
eigenvalue. [34]

2.3 Problem approach, bridge alternatives and criteria

The case study is to solve a section of viaduct located in the municipal term of Morella (Castellon,
Spain). The track alignment is curved and also has both a longitudinal and transverse slope,
furthermore the environmental conditions impose that a 100 m length span has to be solved without
supports.

To solve the problem exposed, the following design alternatives have been proposed: Lower Arch,
bowstring, cable-stayed and box-girder bridges. These alternatives have been designed and
calculated before in Martinez-Mufioz master’s degree in civil engineering’s thesis [35].

2.3.1 Bridge alternatives

For the 100 m span length there are three typologies that could be competitive: Arch, cable-stayed
and girder bridge. In addition, the construction process must be taken into account, because of the
unusual conditions of that structure.

The first alternative is to build a continuous box-girder steel-concrete composite bridge, which requires
a constructive process that allows to push the beam along the bridge trace, enabling the deflection to
recover when the front part of the beam goes into contact with the stacks. For this, a staying system is
designed, it is composed by a steel staying tower that allows workers to increase the stays tension to
recover the deflection produced by the bending moment. At the final phase, the stating tower is
removed, and the bridge remain in this final position as seen in Fig. 3.

Figure 3. Box-girder bridge alternative

The second bridge alternative is to save the 100 m span length with a Bowstring bridge (Fig. 4). The
deck is made with steel due to the functioning of the structural system that compresses the arch and
tensions the deck, because of this, the tension capacity of the steel makes it the best material to
conform the deck section. The constructive process consists in building the shorter span length
sections and pushing the complete bowstring arch held by cranes arranged on the top of the end
stack.

Figure 4. Bowstring bridge alternative

The third alternative is a low-arch bridge (Fig. 5), the constructions of the substructure allow to the
deck to have an intermediate support reducing the span length to 100 m to half. The construction
process starts with the construction of the lower-arch elements that subsequently are departed to join,
forming the intermediate support, then the deck is pushed above the props.
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Figure

5. Lower arch bridge alternative

The last alternative is a cable-stayed bridge composed of a reinforced concrete pylon, on which seven
pairs of stacks have been anchored. These stacks supports the steel deck that are constructed span
by span in a progressive cantilever assembly.

Figure 6. Cable stayed bridge alternative

2.3.2 Selected criteria to the assessment

The main criteria selected to the assessment of each of the alternatives have been chosen taking into
account the three sustainability Indicators: Environmental, Social and Economic. The environmental

indicator has been assessed directly,

but the other two indicators have been assessed taking into

account and evaluating other two sub-criteria for each one. The social criteria have been represented
by the aesthetic and the necessity of conservation of the bridge, while the cost and the constructive
ease have been assessed to obtain the economic sustainability indicator. The hierarchical structure of

the criteria is showed in Fig. 7.
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Figure 7. Selected criteria hierarchical structure

3 RESULTS
3.1

Analytical Hierarchy Process (AHP)

The four alternatives: Box-girder (BG), Bowstring (BS), Lower Arch (LA), Cable Stayed (CS) have
been compared according to the different sub-criteria: Aesthetic (A), Conservation (CO), Cost (C) and
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Constructive Ease (CE) to assess the main criteria: Environmental (E), Social (S) and Economic (EC)
showed in Fig. 7.

The comparison matrix (CM) values and the eigenvectors obtained are shown below: (8) Main criteria,
(9) Social Sub-criteria, (10) Economic sub-criteria, (11) Environmental sub-criteria, (12) Aesthetic, (13)
Conservation, (14) Constructive Ease, and (15) Cost.

E S EC
E( 1 3 1/3) 0.2426 (8)
SN 1/3: 1, 1/7 =<0.0879>
EC\N3 7 1 0.6694

)

(10)

(11)
(12)

(13)

(14)

(15)

The cost eigenvector has been obtained directly, because is an objective criterion. To obtain the
weighting of each alternative value, they have been divided by the sum of the inverse of all
alternatives. Once the values of the weights are obtained for each alternative for each criteria (11-15),
these values are multiplied by the weighting of the criteria (8-10).
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(16)

The BG alternative has obtained the highest score with a 0.3530 score and it is the best alternative
according to this decision-making method (15).

3.2 Simple Additive Weighting (SAW)

To carry out the SAW method, the punctuation values for each alternative according to each criterion
and the sub-criteria weighting have been obtained with the AHP method comparison, because of its
ability to transform subjective values into objective ones for their assessment.

Table 2. SAW method summary

Alternatives

Criteria max/min Optimum Weight BG BS LA Cs
E max 0.6541 0.2426 0.6541 0.0772 0.0772 0.1915
A max 0.5651 0.0220 0.0393 0.1260 0.2696 0.5651
co max 0.5481 0.0660 0.5481 0.1301 0.2785 0.0433
Cc min 4,165,267.73 0.5021 4,165,267.73 4,379,966.64 4,442,678.10 4,683,410.74
CE max 0.6681 0.1674 0.1458 0.0465 0.1396 0.6681
Score 0.8487 0.5383 0.5783 0.7121

As it is shown in Tab. 2 the BG alternative has obtained a score of 0.8487 and it is the best alternative
according to this decision-making method.
3.3 Method comparison

The selected alternative for both methods is the BG bridge, and the differences obtained between the
assessment of both methods are small, but the difference between the four alternatives is accentuated
by the AHP method.

Table 3. Worsening percentage in SAW and AHP method

Alternatives SAW AHP
BG 0.00% 0.00%
BS 36.57% 53.47%
LA 31.86% 45.90%
CsS 16.10% 17.36%

4 CONCLUSIONS

This paper has described how decision-making methods allow the engineers to take the best decision
according to different criteria, evaluating their importance and weighting them in accordance. That
knowledge is included in the subject called predictive and optimization models for concrete structures
that belongs to the MSc course of concrete engineering of the Polytechnic University of Valencia. In
that course many decision-making methods are introduced to the students, but in this work we have
focused on two: Simple Additive Weighting (SAW) and Analytical Hierarchy Process (AHP), a direct
comparison method and a pairwise comparison one respectively. The comparison between four
different structural systems and construction methods have been done, obtaining the box-girder bridge
the highest score with the two methods. Furthermore, the comparison between the two decision-
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making procedures used have been studied giving the student, not only the ability of using that
methods, but also the implications and differences between them. This study sensitizes the MSc
student with the importance of the decision-making processes in their professional toolpath and the
possibilities to assess the alternatives for obtaining the best one according to the importance of each
criteria.
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