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Abstract

The selection of “Structural system” is one of the most
important factors in any bridge and infrastructure design.
Designers perform the structural calculations for the
project determines the priorities as well as design and
performance criteria. Further analysis of the structural
selection problem and the identification of the bridge
desirable capabilities, triggered the consideration of
analytic hierarchy process (AHP) as a possible basis for the
decision making. The methodology uses the VIKOR to
evaluate the alternatives according to the decision criteria
and determine the solution. The methodology was
developed by a group of bridge designers involved in design
and management of urban infrastructure projects and
demonstrated using a Steel Girder bridge inan urban areaas
anoptimumalternative.

Introduction:

Bridges are massive structures that carry road (oreven rail)
traffic across which requires large amounts of materials
and construction work. Therefore, the decision regarding
the most convenient construction systems to be used
usually depends on many factors and not limited to the
available technology and equipment, or the site
conditions. In addition to the tangible costs expressed in
terms of time, money, and rework, catastrophic bridge
failures such as bridge collapses during construction cause
significant damages to existing transportation networks
leading to substantial socioeconomic disruptions for the
public (Pan, 2008)

The bridge design decision is a complex decision-
making process affected by numerous factors including
project cost and required construction period, traffic
volume (especially in urban environments), type of bridge
deck, passive defense capability, and seismic resistance
(Itoh et al., 2000). Structural and seismic regulation,
bridge simulation modeling, and bridge design software
applications developed based on the previous case studies
fixed some standard to the construction method selection
process (Arici & Mosalam, 2000). Many studies or
methodologies for facilitating the decision-making
process have focused on the decision criteria such as cost,
quality, required construction period, safety, and

structural shape. These criteria can be furtherdivided into
sub-criteria, for instance, direct and indirect costs
(McCrea et al., 2002; Pan, 2006; Pan et al., 2005;; Ugwu et
al., 2005; Kerzner, 2001; Ugwu et al., 2006) . While the
earlier researchers have attempted to solve the selection
problems employing various mathematical tools and
techniques that were affected by the weights assigned to
the considered selection criteria, “Multi-Objective
Optimization onthe basis of ratioanalysis” (MOORA) and
“Preference Ranking Organization Method for
Enrichment Evaluations” are now using successfully for
the grouping and comparing the desired criteria of bridge
selection that would remain unaffected by the criteria
weights and normalization procedure (Choi et al., 2012;
Jung & Lee, 2012; Mandal & Sarkar, 2012).

Attempts were also made to integrate different
decision support systems to prioritize of evaluation
criteria and to rank the bridge design alternatives.
Examples include Project Resource Planning, Fuzzy
Analytic Hierarchy Process and Analytic Network Process
(Vayvay et al., 2012; Al-Harbi, 2001; Felek et al., 2002;
Basligil, 2005).

Malekly et al. (2010) developed an integrated
methodology using “Quality Function Deployment” and
“Technique for Order Performance by Similarity to Ideal
Solution” (TOPSIS) for evaluating conceptual bridge
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design. Along with the availability of more advanced
construction applications, the selection of appropriate
construction method becomesvital in bridge engineering
domain (Skibniewski, 1992; Hastak,1998). However, there
have been relatively few studies that adopted MCDM
optimization and AHP in the field of bridge selection
(Eshtehardian et al., 2013; Farkas, 2010; Golestanifar &
Ahangari, 2011; Wang, 2011). Rashidi & Gibson (2011)
proposed a methodology for bridge condition assessment,
which used AHP method to evaluate random vector
parametersinthe transportationarea.

Analytic Hierarchy Process (AHP) as one of the multi
criteria decision making tools, firstly sets on by Saaty
(1980). AHP has been one of the most extensively used
methods for MCDM and has been extensively studied and
refined since then. It provides a comprehensive and
rational framework forstructuring a decision problem, for
representing and quantifying its elements, relating these
elements to overall goals, and for evaluating alternative
solutions. AHP has been used to solve MCDM problemsin
a wide variety of areas such as project selection, budget
allocation (Soh, 2010), and software selection
(Stemberger, 2009). It is mainly used to derive the most
advanced scales of measurement from both discrete and
continuous paired comparisons in multilevel hierarchic
structures. These comparisons may be taken from actual
physical measurements or from subjective estimates that
reflect the relative strength of preferences of the experts.
(Farkas, 2010).

The AHP methodology, asits name implies, requires a
hierarchy structure to represent the decision problem, as
well as pairwise comparisons to establish relations within
the structure. The pairwise comparisons lead to
dominance matrices. The required number of these
matrices corresponds to the number of weighting factors.
Regarding the group participants, it is necessary to find
out how close (or far apart) an individual’s judgment is to
others, so they can be synthesized. Synthesizing the
judgments of decision makers based on the average
weighting factors, will lead to a weighted priority ranking
that indicates the overall preference score for each
decision alternative (Farkas, 2010). A fuzzy-AHP method
isone of the mostappropriate techniques forselecting the
suitable bridge construction method, particularly for
segmental and precast concrete segment bridges. In this
study, eight experts (bridge design engineers) were asked
to the criteria through pair-wise comparisons. This led to
the development of an AHP model including two
hierarchies, three choices, and 5 criteria (Quality, Cost,
Safety, Timeand Shape) (Pan, 2008).

VIKOR is an adaptive MADM method that is
developed by Opricovic & Tzeng (2007) based on the LP-
metric. This method is based on the adaptive planning of
MCDM problems and evaluates problems where decision
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criteria are inappropriate and inconsistent. The VIKOR
method is well established in situations where the
decision maker has to deal with such criteria and thus
inevitably seeks solutions close to the ideal. In this
method, all decision alternatives are evaluated against the
decision criteria. Moreover, this method is particularly
useful in cases where the decision maker is not able to
identify the superiorities of a problem upon its starting
time and planning phase. In such cases, the VIKOR
method serves as an effective decision making tool and
provides a maximum group utility value for the majority
and a minimum individual regret for the veto (Opricovic &
Tzeng, 2007).

The VIKOR method delivers relative satisfaction of
the majority of decision criteria in terms of their closeness
to the ideal solution and entails minimum levels of regret
for each of the criteria in terms of their closeness to anti-
ideal solutions. In other words, minimum regret in having
failed to choose the ideal solution. Here, the decision
alternative with the highestrankisthe onethatisclosestto
the ideal solution; conversely, in methods such as TOPSIS,
the highest ranked decision alternative does not always
represent the closest one to the ideal solution
(Valahzaghard & Ferdousnejhad, 2013). The VIKOR
method has been applied to the problems of producer
management and prioritization in the supply chain (Liou
& Chuang, 2010; Liu & Du, 2008; Lixin et al, 2008;
Tianchangetal., 2008) optimization of processes (Tong et
al., 2007), evaluation of banking performances (Wu et al.,
2009) and in earthquake and environmental engineering
(Opricovic & Tzeng, 2004). This method has also been
used in urban and water resource management (Chang &
Hsu, 2009; Opricovic, 2009) . Formore on the applications
of the VIKOR method, the interested reader may refer to
(Buyiikézkan & Ruan, 2008; Chen & Wang, 2009; Chiang,
2009; Sanayei et al., 2010).

Existing Gap in the Process: designers (usually civil/
structural engineers), performing the structural
calculations forthe project determine the prioritiesas well
as design and performance criteria. Depending on the
engineer’s opinion, some of the essential criteria or
structural systems may get ignored. This may lead to an
increase in costs and reductions in efficiency. However,
using the step-by-step procedure, such problems could be
avoided inthe early stages of majorbridge projects.

Proposed Model: this section divides the model into a
three-layered hierarchical model, as shown in Figure-1,
where the overall objective is placed in level 1, criteria and
decision alternatives are presented in level 2 and 3,
respectively.The main objective is to select the most
suitable bridge structural system (decision made by the
design engineer). Then, the design criteria including
Project cost, Construction Duration, Traffic limitation
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Figure 1: The Hierarchy for the Consultant Selection Problem

(especially in urban zones), Span, Passive defense
capability and Maintenance costs, (level 2) will result in
thedesignalternatives (level 3), presented in “Figure-1".

Definition of Criteria: among all the selection criteria,
we only consider Project cost, Construction Duration,
Traffic limitation (especially in urban zones), Span,
Passive defense capability and Maintenance costs in this
paper. These criteriaaredescribed in the following:

Project cost: The structure cost is affected by the project
schedule, resources, and risk. The project cost can be the
most important parameter describing a client’s project
requirements. It should be noted that this study does not
take intoaccount the mobilization cost.

Construction Duration: The construction duration arising from
critical path in which duration for items of work or activity
insequencesorhierarchiescannotbereduced further.

Traffic Limitation (especially in urban zones): Considering the
effect of construction activities on traffic flow, the traffic
volume (both vehicles and pedestrians) during the
construction phase is selected as one of the selection
criteria.

Deck length between Two Piers: The distance between two piers
of a bridge has been considered as a uniform variable in all
systems.

Passive Defense Capability: Capability of a bridge structural
system is an inherent characteristic of any structure that
should be considered during the design process forany critic
situation.

Maintenance Costs: The maintenance costs of equipment and
bridge itself during its lifespan account for a major part of
total life cycle cost. Performing field inspection of the
bridge can provide better insight into the detection and
correction of structural components with serious defects.
Maintenance, including tests, measurements, adjustments,
and parts replacement, is mainly performed to prevent
faults from occurring. "Figure 2" shows the importance of
the maintenance costsinabridge construction project.

Structure Weight: The weight of the structure (Piers, Abutments,
and Deck), isdependent on the surface area of the structure
and playsa keyrolein the seismic capability of the structure.
Earthquake forces are proportional to a structure's mass, so
heavybridge structures experience greater forces.

(Rossow, 1983) Decision
Alternatives: among
0% different design
; Qe e alternatives,
2 l Each .00 following Tahouni,
g T <+ (2004) the given
S " Bridge Structural
Qi dhap Systems have been
l wouldcose | selected for this
Nl deslsi;;zzzilfro study; Segmental
- bridge, Voided Slab
Time Bridge, Box Girder

Bridge, Steel Girder
(Steel Beams)Bridge,
Concrete Girder (Concrete Beams) Bridge, Suspension &
Cable-stayedbridge, Bridge Builder Form-traveler
Equipments .

Steps in the VIKOR Method:
Calculation of the Normalized Quantities/ Values-

Assume that there are m decision alternatives and n
decision criteria. The normalized quantities/values are
calculated using the following equation.

The various alternatives, i, are represented as xi. xij is
the value and amount of criteria j. Normalization of the
quantities, where xij is the real value of alternative i and
then j, is as follows:

Figure 2: Cost of delaying maintenance

Zn:xz. (2)

Where, xijisthevalue of alternativeiforcriterionj.
Determination ofthe Bestand Worst Values

The best and worst values for each criterion are identified
and called fj*and fj-, respectively.
fi= Maxf, i=12..m (3)
fi= Minf, ,j=12..n (4)

Wherefj *isthe best positive ideal solutionand fj-
is the worst negative ideal solution for criterion j.
Combining all fj*, an optimum combination result which
yield the highestrank. Thisalso holds true forfj-.

S=Ywlf =I5 6
R =Max{w(f; =1/ (f; = 1))] (6)

Where Si is the distance Ijaetween alternative i and the
positive ideal solution (best combination) and Ri is the
distance between alternative i and the negative ideal
solution (worst combination). The best and worst ranks
are then computed based on the values of S, and R,
respectively. In other words, S, and R, are Lii and Lo1
equivalentsinthe LP-metrictechnique.

Calculating the VIKOR value Qi
The VIKOR valueis calculated forevery iasfollows:
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Figures: (3-10): 3- Sadr Elevated Expressway, Under Construction (2012), Tehran, IRAN; 4- The Vafadar Bridge, Constructed (2012),
Tehran, IRAN; 5- Abbaspour University Box Girder Bridge, Constructed (2012) Tehran, IRAN; 6- Steel Multi-girder bridge using
variable depth girders Westgate bridge, Gloucester; 7- Sazman Aab Bridge, Constructed (2008), Tehran IRAN; 8- : Javadieh
Bridge, Constructed (2010), Tehran, IRAN; 9- Abdoun Bridge, Constructed (2006), Amman, Jordan; 10- Pierre Pflimlin bridge
being built over the Rhine south of Strasbourg

S, -8~ R, - R~
Q"ZV{S:——S’}+(17V)[R:——RJ (7)
Where
S =MinS, S'=MaxS, R =MinR and R*=MaxR,
and y, is the maximum group utility or the strategy weight
of the majority thatvote in favourof the given criteria.

s'—s- [ideal solution; in other words, this indicates
majority’svote in favourof thealternative.

[S, s }is the distance from alternative i to the negative

R'—R |ideal solution; This distance value is the

majority’s vote against alternative i. So, when

v > 0.5 holds true, Qi leads to a majority agreement/

satisfaction, conversely, when vy < 0.5 holds true, Qi

represents the negative view of the majority. Finally, when

= 0.5 holds true then this means that a consensus is
reached between the evaluation experts.

{R,. -R } is the distance from alternative i to the positive

Rankingofthe Alternatives Based on Qi

Inthisstep, thealternativesareranked based on thevalues
of Q,thatwere calculated in the previousstepand then the
decision can be made.

Casestudy

In this section, an AHP-based selection model for the
bridge structure is formulated and then applied to a yeal
casestudy.

The alternatives are organized and ranked according
to their values, their ascending rank. Each alternative
mustsatisfy the following two conditions:

Condition 1: If alternatives 1 and 2 -in order- are first and
second best alternative in the group and n shows the
numberofalternatives. Then:

Q(A2)-Q(A1)= 1

n-1

Regarding the values and ranks of R, S and Q groups, the

selection should be processed towards “Concrete Girder”

and “Steel Girder” by checking out two mentioned

conditions.

Q(steel Girder)-Q(concrete Girder)>1-0.0273741030. 166666667
7-1

The objective, affected by the selection criteria, is
placed at the top of the hierarchy. These criteria are
presented on the second level and the design alternatives
are presented at the bottom of the hierarchy. These
alternatives are affected by sub-criteria and if there is no
sub-criterion, theyareaffected by main criteria.

After defining the relative importance of all the
decision criteria via pair-wise comparisons, the result is
represented in a comparison matrix. The Scales of Relative
Importancearesimply followed "Table-1" rules.

Table -1: Scale of Relative Importance

The importance of pairwise comparison Numerical value

Ratheruniform

Identical or partially reference
Relativelyreference

Moderately orstrongly reference
Stronglyreference

Strong toverystrongreference
Verystrong preference
Areference totheimmensely
Thesizeof thereference

O 00N AVl W N -

In the first step, we interviewed total eight design
engineers for obtaining the required information
regarding the mean criteria matrix. Table 2 shows the
comparison matrix for the criteria defined in this study.
This matrix results from the relative weightsamongall the
possible combinationsofthe selection criteria.

The relative weights are determined after the
normalization of the matrix. This process is performed by
dividing the elements of each column with their sum. Asa
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result, we compared the decision criteria and calculate
their relative weights. Although this matrix should fulfill
the client’s needs and requirements, we completed that
based on the interviewed experts. The experts’ knowledge
and opinion can also demonstrate the difference between
theirviewpointsand those of clients.

The next step is to compare the decision alternatives
regarding each decision criterion. This is done by using
seven different tables like “Table 3”, which shows an
example of the comparison matrix with some decisions.
Then, theweightofeachalternativeiscalculated.

Table 2: Criteria Comparison Matrix; filled by MCDM Experts

a b C d e f g

1.00 1.67 125 2.67 1.92 192 2.67
0.60 1.00 1.39 183 183 172 1.92
0.80 0.72 1.00 2.50 1.92 183 2.67
038 0.55 0.40 1.00 139 0.64 117
0.52 0.55 0.52 0.72 100 131 1.64
0.52 0.58 0.55 157 0.77 100 217
038 o0.52 038 0.86 061 0.46 1.00

a-Project Cost; b-Construction Duration; c-Traffic Limitation;
d- Deck length; e- Passive Defense; f- Maintenance Costs; g-
Structure Weight

Table 3: Project Cost Comparison Matrix with Decisions

h i j k 1 m n
h 100 053 o075 075 053 163 0.88
i 189 100 142 142 117 2.50 2.00
j 133 o071 100 117 0.97 221 163
k 133 o071 086 100 0.69 224 165
Il 189 0.86 1.03 1.44 1.00 224 1.90
m 0.62 0.40 0.45 0.45 0.45 100 0.69
n 114 o050 062 060 053 144 100

Once all matrices are compared and formed, we can
normalize each matrix. Table 4 shows the decision criteria
matrix thatisformed based on these thevalues.

Table 4: The matrix of Decisions-Criteria

h i j k 1 m n
h 0.1087 01778 0.1795 0.1694 0.0966 0.1196 0.1509
i 0.2097 0.1330 0.1019 0.0958 0.1885 0.2074 0.1010
j 01631 0.470 0.1614 0.1063 0.1754 0.1602 0.1770
k 01495 0.1427 0.595 o.110 0.1728 0.1602 0.1930
I 01878 0.1480 0.1531 0.0814 0.517 0.1439 0.1174
m 0.0742 0.1141 0.1144 0.2325 0.0980 0.0798 0.1378
n 0.1037 0.300 0.1236 0.1875 0.1122 0.1203 0.1174

h-Segmental; i-Voided Slab ; j-Steel Girder ; k-Box Girder; I-
Concrete Girder ; m- Suspension & Cable-stayed; n- Bridge
Builder Form-travele

Table 5: The matrix of Decisions-Criteria

Criteria Structure Maintenance  Passive Deck Construction Traffic Project
Weight Costs Defence Length Duration Limitation  Costs
Criteria weights (Importance) 0.129 0.07 0.19 0.057 0.02 0.091 0.02
¢ Segmental 0.127553388  0.154780231 0.006631358  0.160406642 0.107980281  0.111331152 0.166000492
% Voided Slab 0.19 0.089249888 0.188533065 0.095780022 0.190216063  0.148821968 0.086032866
E Steel Girder 0.11 0.115572398 0.175446833 0.106284896 0.120079488  0.134664752 0.110565971
g Box Girder 0.1 0.115572398 0.172807515 0.110975135 0.121581415 0.138672467 0.120689083
< Concrete Girder 0.16 0.128657183 0.151717799 0.081360889 0.126625949  0.133746197  0.096057958
Suspension & Cable-stayed 0.14 0.232010364 0.098008617  0.23253168 0.169490316  0.1734502 0.243030815
Bridge Builder Form-traveler  0.16 0.153892077 0.112189039 0.187498131 0.156845803  0.152188897  0.173937749
f* 0.1 0.09 0.19 0.23 0.1 0.11 0.09
f- 0.19 0.23 0.1 0.08 0.19 0.17 0.24
Alternatives Ranking Value (Qi) Value (Vi) Distance from Positive Ideal Distance from Positive
Solution (Ri) Ideal Solution (Si)
Segmental 4 0.555166504 0.5 0.12139812 0.345546764
Voided Slab 5 0.663255841 0.5 0.190412881 0.458665828
Steel Girder 1 0.5 0.5 0.076455934 0.254193866
Box Girder 2 0.508531816 0.5 0.086208552 0.27801527
Concrete Girder 3 0.472625897 0.5 0.091858971 0.339292566
Suspension & Cable-stayed 7 0.5 0.5 0.244441221 0.835306485
Bridge Builder Form-traveler 6 0.579756231 0.5 0.134076564 0.593271635

As the “Concrete Girder” does not satisfy the above
condition, it cannot be the best alternative. In the case
study, “Steel Girder” alternative satisfied both conditions
and resulted in the best alternative. To analyze the
problem according to the AHP approach, we need to
multiply the matrix shown in Table 4 by the one shown in
Table 5. Because the sizes of the matrices are 7x7 and 7x1,

the resulting matrix is 7x1 (Table 6 and Figure n1). Table 7
showstheresulting ranking of the alternatives.

Results:
Regarding last part, now alternatives should be ranked
reliesonR, S,and Qvalues;then:
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Rely on Q value

Rely on R value

Concrete Girder

0.472625897 0.076455934

0.5 Steel Girder 0.086208552

0.5 Suspension & 0.091858971
Cable-stayed

0.508531816 Box Girder 0.12139812

0.579756231 Bridge Builder 0.134076564
Form-traveler Eqp.

0.555166504 Segmental 0.190412881

0.663255841 Voided Slab 0.244441221

Concrete Girder

Rely on Q value
Steel Girder 0.254193866 Steel Girder
Box Girder 0.27801527 Box Girder
Concrete Girder 0.339292566 Steel Girder
Segmental 0.345546764 Segmental
Bridge Builder 0.458665828 Voided Slab
Form-traveler Eqp
Voided Slab 0.593271635 Bridge Builder

Form-traveler Eqp.

Suspension & 0.835306485 Suspension &
Cable-stayed Cable-stayed

Table 6: Result Matrix

Segmental 0.1412
Voided Slab 0.1512
Steel Girder 0.1540
Box Girder 0.1510
Concrete Girder 0.1472
Suspension & Cable-stayed 0.0293
Bridge Builder Form-traveler Eqp. 0.1219

Table 7: Ranked Result Matrix

1 Steel Girder 0.154
2 Voided Slab 0.1512
3 Box Girder 0.1510
4 Concrete Girder 0.1472
5 Segmental 0.1412
6 The Bridge Builder Form-traveler Eqp. 0.1219
7 Suspension & Cable-stayed 0.0293

Conclusion:

Bridge construction decisions during the design and
construction stages of a project became more complex as
new construction methods have been developed. The
diversity and complexity of the construction methods
demonstrate the need for using a uniform and systematic
way to select the best decision alternative. The MCDM
approachesare the ones that quantify the decision criteria
andalternatives.

In this paper, we used AHP and VIKOR techniques for
evaluating five different bridge structural systems; Steel
Girder, Voided Slab, Box Girder, Concrete Girder,
Segmental, Bridge Builder Form-traveler Equipment and
Suspension & Cable- stayed. Also, the experts’ opinions
were utilized for the evaluation of each alternative and its
relative weight. Through a case study, the application of
the method was presented and “Steel Girder” system was
selected asthe bestalternative.
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