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APPLICABILITY OF MULTI-CRITERIA ANALYSIS METHODS FOR THE CHOICE OF
MATERIAL AND TECHNOLOGY SOLUTIONS IN BUILDING STRUCTURES

Elzbieta Szafranko

Preliminary communication
The choice of material, structural and technology solutions is one of the key decisions to be made at the stage of planning and design of building projects.
The variety of structural elements and their potential for use result in a great number of factors influencing the choice of a specific solution. Taking a
decision directly can be difficult, and it often requires the support of mathematical methods. This paper presents a fragment of a multi-criteria analysis of
two alternative structural solutions of a roof girder. The applicability of the Indicator Method is presented, and the procedure and results obtained with the
known MCE method are compared.
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Moguénost primjene metoda analize s viSe kriterija u izboru materijala i tehnoloskih rjeSenja u gradevinskim konstrukcijama

Prethodno priop¢enje
Izbor materijala, konstrukcijskih i tehnoloskih rjeSenja, jedna je od klju¢nih odluka u stadiju planiranja i konstruiranja gradevinskih projekata. Raznolikost
konstrukcijskih elemenata i mogucénost njihove primjene rezultiraju velikim brojem ¢imbenika koji utjeCu na izbor odredenog rjeSenja. Direktno
donosenje odluke moze biti tesko i Cesto zahtijeva podrsku matemati¢kih metoda. U radu se predstavlja dio vise-kriterijske analize dvaju alternativnih
konstrukceijskih rjeSenja krovne grede. Predstavljena je primjenljivost Metode Indikator i usporedeni su postupak i rezultati dobiveni poznatom MCE
metodom.

Kljucne rijeci: analiza s vise kriterija;, metodologija; rjesenja o materijalu

1 Introduction

Structural components of building structures can be
made of various materials, using different structural
solutions and technologies. They can be formed to any
shape, but they have to conform to the valid legislation
and provisions of construction law. These include:
Eurocodes, standards, construction and technical
regulations, health and safety rules, fire protection rules,
and numerous technical and construction studies, expert
studies and administrative decisions [1].

One of the basic requirements is to ensure the
stability, strength, rigidity and durability of a building.
This is ensured by the components of the building
structure [2, 3]. Components of buildings have specified
structural, functional and aesthetic roles. As already
mentioned, depending on the functions, they can be made
of various materials and have different shapes. The
support structure comprises a number of components
forming separate and solid units. The most common are
bar components in the form of beams. They are applied in
the construction of building roofs with considerable
spans.

A distinct feature of the beams is their considerable
length, multiple times greater than the cross-sectional
size, and the most common loading pattern -
perpendicular to the beam’s centreline. Examples include:
girders, purlins, floor beams and joists. They are known
as wooden, laminated, steel, reinforced concrete, pre-
stressed reinforced concrete or cable concrete girders. The
choice of one of these solutions can be difficult, and the
final decision is not always the best possible one [1, 4].

Making such a decision can be aided by mathematics,
offering a choice of methods. Those deserving particular
attention are the multi-criteria analysis methods in which
a number of factors can be taken into account. For various
criteria affecting the ultimate decision they can prove to
be useful and effective. An analysis of the choice of a

structural element will be presented using the example of
a roof girder.

2  Description of solution variants

While choosing an optimum girder solution, technical,
aesthetic and economic criteria have to be taken into
account. In the presented example two variants will be
analysed: a pre-stressed concrete girder and a steel girder.
Because of the technical and structural nature and
production of pre-stressed girders by specialised
prefabrication companies, they are among the solutions
offering greatest resistance to ambient conditions. They
are, however, relatively not very widespread. The pre-
stressed components have numerous advantages and
drawbacks. They are listed in Tab. 1. The application of a
pre-stressed concrete solution also has economic benefits.
The use of steel in kg/m’® of concrete is three times less in
the production of pre-stressed components than in the
case of reinforced concrete components, yet compared to
other solutions it is a costly structure.

The other solution analysed is the steel girder. The
basic characteristics of this solution are listed in Tab. 2.
Steel structures, compared to those made of other
materials, i.e. timber or reinforced concrete demonstrate
highly uniform mechanical and physical properties. Steel
as a construction material is characterised by uniform and
high compression, and tensile strength. Both, the
advantages and drawbacks of the solutions presented can
be decisive for the choice of a specific solution. They
cannot be clearly assessed. In some cases, the decision
may depend on the ease of transport or installation time.
Other factors may include the resistance to aggressive
environments. Another critical factor can be the cost of
project completion and the cost of maintenance later on.
Nevertheless, a single feature of the solution considered
should never affect the choice.
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Table 1 Advantages and drawbacks of a pre-stressed concrete girder

Pre-stressed concrete girders

Advantages

Drawbacks

- high resistance to fire

- high production cost

- resistance to increased humidity and chemically aggressive
environments

- less widespread due to advanced execution technologies

- high load bearing capacity

- improvement of the quality required due to supervision required
at every production stage

- resistance to dynamic loads

- specialised machinery and mechanical equipment required for
production

- reduced reinforcement cost

- high cost of launching the production of new components

- very sleek components

- heavy equipment required for installation

- modularity and standardisation

- costly transport

- low deflection

- high structure weight

Table 2 Advantages and drawbacks of a steel girder

Steel girders

Advantages

Drawbacks

- lightweight structure resulting from a good weight to bearing
capacity ratio of components

- adverse effects of high temperature on the strength properties

- easy transport of components

- susceptibility to corrosion

- fast installation and removal regardless of weather conditions

- low resistance to ambient conditions and aggressive
environments

- fully recyclable material

- sensitivity to dynamic loads

- easy joining and installation of components at the construction
site

- great number of joints requiring precision during assembly

- uniform mechanical and physical properties

- possibility of structure reinforcement

- fast structure assembly

- high workability and easy to join

3 Procedure

In order to choose and consider a number of features
and factors describing the solution analysed, it is
recommended to apply one of the multi-criteria analysis
methods [5, 6, 7]. While choosing a method to aid the
decision-making process, attention should be drawn to
such qualities as the legibility, quality and traceability of
the results obtained, and the mathematical apparatus
applied [8, 9, 10]. Also, the subjectivity of assessments is
worth attention, since a number of methods used
commonly are based on the opinions of experts and
individuals related to a specific project [11]. Therefore,
the ratings and the final result can be subject to some
error that one should be aware of. Subjectivity is mainly
the case in methods consisting in the consideration of the
non-measurable, quality-related factors. In the case of the
so-called measurable factors, assessment according to a
specific criterion is obvious. To obtain an objective
assessment of the quality factors two procedures are
adopted. One is the descriptive assessment, and the other
requires a numeric measurement scale to be adopted.

The possibility to take them into account while
making a decision is ensured by various multi-criteria
methods: MCE, AHP, indicator methods. However, it is
difficult to estimate the error of the final results. It can be
assumed that these are acceptable approximations, yet
they require additional interpretation in order to make a
reasonable decision [12, 13, 14, 15].

Among the methods applicable to an analysis of
variants of building construction and material solutions,
the ones mentioned in the paper are the most common.
Traditional and relatively simple methods are score
assessment or weighting methods. A similar analytical

method is the MCE approach. All are based on an
assessment of scores assigned for satisfying individual
criteria by the analysed variants. The procedure is easy to
follow, but it is not recommended when the number of
criteria is high. A direct comparison of numerous criteria
leads to the fragmentation of values, which in turn flattens
the results and causes problems in identifying the criteria
which actually play a dominant role in selecting one
variant over the others [16, 17].

In a situation when we are to evaluate variants based
on ten or more criteria, it is recommended to apply
methods of hierarchical analysis, where the starting point
for further analyses is to order the criteria and divide them
into groups. The subsequent analysis deals with the main
criteria, and then there are subcriteria comprised within
each group of the main criteria. The structure of criteria
should be such as to ensure that the number of main
parameters should be less than ten. Having multiplied the
significance of the main criteria by the assessment results
of the subcriteria, we obtain the accumulated effect and
more diversified results. Among the multi-criteria
methods based on the hierarchical approach, noteworthy
are AHP, PAHP and ANP [18, 19, 20].

In all the aforementioned methods, the starting point
for further analyses is to identify the criteria and define
the scale of their assessment [21]. It typically ranges from
0 to 5 - 10 at the most, and zero means that a given
criterion is not satisfied at all, while the highest value
corresponds to its complete fulfilment. When evaluating
the significance of importance, another possible approach,
developed by Professor Saati, consists of making pairwise
comparisons.

The method proposed by the author of this paper,
called the Indicator Method, is of a completely different
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nature. This method enables the user to include negative
values whenever a given evaluation parameter can cause
adverse effects. In this approach, it is possible to evaluate
direct and indirect effects of the performance of a given
development project [22].

3.1 Determination of criteria for variant choice

While planning a project the investor should analyse
various criteria for the evaluation of the feasible solutions
[23, 24]. It is also important to find out what features of
the variants studied are most important for the structure
being designed. In the case analysed, the possible
assessment criteria can be related to:

1) Structural and strength characteristics of the
components analysed

2) Structure lightness

3) Structure resistance to ambient conditions, including
resistance to fire

4) Ease of transport and assembly

5) The cost of project completion and its later
maintenance

6) Durability of the structure and its recyclability.

7) Aesthetic and architectonic factors.

The criteria analysed should be developed taking into
account the nature of the method applied. Depending on
the phenomenon described by the said criteria, they can
be expressed in a measurable (m, kg, PLN) or non-
measurable manner (environmental factors, architectonic
and aesthetic aspects, ease of installation, etc.). A starting
point for every multi-criteria analysis method is to assess
the validity of the predefined criteria. This stage requires
in many cases the participation of experts and the
performance of properly constructed surveys [24]. There
are, however, instances when the criteria can be
determined and their validity verified by the investor or
designer. The participation of experts is mostly due to the
need to study the experience related to the solutions
adopted or the expectations of the project being planned.

3.2 Proposed analysis methods

To give an overview of the procedure of a multi-
criteria  analysis, first, the MCE (Multi-Criteria
Evaluation), one of the simplest methods, will be
described. This method relies upon the determination and
estimation of the importance of criteria and their
fulfilment degree by the following project variants [5, 25].
The method discussed is used to aid the decision-making
process when several or more criteria are available. The
first step of the MCE analysis is to define the criteria
leading to the planned objective. The criteria present in
the MCE analysis can be divided to two groups:

* hard criteria ( — constraint): barriers, limitations,
»  soft criteria ( — factor): parameters, factors.

With the application of hard criteria it is possible to
reject some of the variants considered, while with the soft
criteria the feasibility of variants for the purpose
determined in the analysis can be achieved. The result
obtained with the soft criteria is not as clear as for the

hard criteria. The feasibility is calculated from the
formula:

n
S=Zw,»-xi ie(ln) (1)
i-1
where: § - feasibility, w — criterion importance, x —
parameter value, i — another criterion, n — number of
criteria.

For an analysis in which there are also the "barrier"
type criteria, the formula takes the form:

S=Z”:wi-xi1_[cj (2)
i-1

where: ¢; - /™ limitation.

The criteria adopted in the analysis refer to the need
to meet specific conditions by a given variant. With the
hard method the criteria are defined as barriers (e.g. the
structure weight not greater than, girder span not less
than). In the case considered, only the soft criteria will be
analysed.

The method presented allows a simple and clear
evaluation of the solutions. However, a more in-depth
analysis is often required. There are situations in which it
is recommended to analyse the sub-criteria to find out
what actually, in the main criteria group, decides their
higher and lower rank. In this case the methods belonging
to the hierarchic analyses (e.g. AHP) are useful [18]. It is
often important to determine the positive and negative
effects of the project, e.g. on the social and natural setting,
or to evaluate the direct and indirect consequences of the
solution chosen. If this is the case, the author proposes to
apply her original indicator method [26]

In the Indicator Method [22, 26] tabular matrices
are used in which individual effects are described and
weights are assigned to the following criteria (effect
significance). The variants analysed are covered in the
compilation of the information of interest. Table 3
presents the matrix construction principle.

Table 3 An example of matrix for calculations by the indicator method

- - - w— S
o — g N g N 5 o .2
o = O - O = O j=
ol & S5 E S o E S 2 £ =8
5 - & < = S < = S B8N
Z|2| £< 3 =l =] ‘S O
5 soc 2 302 S o2 o
> E - > E = 2
S
Py Py, Py;
1 |Al Qu Qi Qi3 Wi
Ry Ry Ry3
Py Py Py
2 |A2 Qa Qx Qzs W,
Ry Ry Ry

The number in the top left corner of a cell describes
the direct effect, and the number in the bottom right
corner describes the indirect effect in relation to the entire
construction and its further use. In the middle there is the
sum of effects multiplied by the weight. The sum of
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individual effects is the partial assessment of the
environmental impact of a given variant.

The partial assessment on the effect of the /" variant
on the ith criterion:

Oi= (Py+ Ry) Wi (3)

where: P; — direct effect of a subsequent variant in the
context of criterion A; R; — indirect effect of a subsequent
variant in the context of criterion A; W; — weight of
criterion A.

4 Solution of the problem with the MCE method

According to the procedure described above, the first
step in the analysis, with any method, is to determine the
criteria leading to the achievement of the objective. In the
methods proposed previously there are no limitations as to
the number of factors compared simultaneously, so a
uniform compilation can be provided. It was determined
that the following criteria of the variants analysed should
be considered:

1) Ease of installation

2) Structure lightness

3) Structure resistance to ambient conditions
4) Resistance to fire

5) Recyclability

The importance was determined by the investor after
consulting with the contractor and users of similar
structures, taking into consideration the success of the
planned project. Their values are within the range 0 - 1.

The values of parameters were determined based on
the opinions of experts, designers and the investor. A 0-6
scale was adopted, where 0 means the failure to meet a
given criterion, and 6 means meeting it to the maximum
degree. A scale from 0 to 6 was adopted for the evaluation
of all criteria:

0 — complete lack of fulfilment of a criterion
1 — poor fulfilment of a criterion

2 — satisfactory fulfilment of a criterion

3— good fulfilment of a criterion

4 — high fulfilment of a criterion

5 — very high fulfilment of a criterion

6 — maximum fulfilment of a criterion

Depending on the character of a criterion, the scale is
applied to values originating, for example, from the
building plan documentation, e.g. light-weight structure,
costs, and other measurable criteria, or else a descriptive
assessment scale is used for evaluating less measurable
parameters. For example, a descriptive scale for ‘ease of
assembly works’:

0 — extremely difficult assembly works, requires hiring
extra staff with unique qualifications and specialist
equipment, consumes much time and labour, often
practically impossible in certain circumstances;

1 — very difficult assembly works, requires hiring
specialist staff with specialist equipment, highly time
consuming, possible to accomplish in specific
circumstances, but needs additional time to be performed;

3 — moderately difficult assembly, at some stages it is
necessary to have higher specialist staff supervising the
work done with specialist equipment;

4 — relatively simple assembly, possible to conduct with
own workforce and equipment, but requires consultations
with experts, who ensure that the work is done efficiently;
consultations take some time;

5 — simple assembly, possible to conduct with the
workforce and equipment of a building company which
completes the whole building investment project, the
assembly work runs smoothly, with minor complications
which do not affect the time needed to perform the task;

6 — very simple assembly, possible to conduct with the
workforce and equipment of the construction company
which carries out the whole project; the work runs
smoothly with no complications.

Scales for the assessment of the other criteria can be
described likewise. The calculations are listed in Tab. 4.

Table 4 Multi-criteria evaluation for analysed variants

~~ = ~~ =

< 5—' o > 5(\1 o >
Be| 52 | 5T |lgf-|sTelgla
N = - = O < S £ 8 O < o g%
>8| 28 28 | ESE| 2885 |EC8
S| 25 | SES | 85| SES|Z8%
25| 32 | SEl|ELS| S8 |ELF

=5 | T A& |E° BEE°S

1 0,10 4 0,40 5 0,50
2 0,25 3 0,75 4 1,00
3 0,35 5 1,75 2 0,70
4 0,20 4 0,80 2 0,40
5 0,10 2 0,20 6 0,60
sum 1,00 3,90 3,20

Tab. 4 provides information on whether the partial
criteria are satisfied and, in the summary, the result
deciding which variant meets the criteria analysed to the
highest degree. According to the analysis performed, the
pre-stressed concrete structure is a better solution in the
case in question. This is mainly due to its high resistance
to ambient conditions, and the fire resistance of the
structure.

&5
9]
£ [ Series5
c 4
§ M Series4
= 3
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@©
v 2 .
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e
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=
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1 2

Variants

Figurel Graphic interpretation of results obtained with MCE

The graphic interpretation (Fig.1) shows the structure
share of individual criteria, and makes it possible to view
the ultimate result of the analysis.

5 Solution of the problem with the Indicator Method

Similarly, as in the previous method, the Indicator
Method (IM) included surveys and interviews with
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experts. The expert assessments were analysed and, after
rejecting the extremes, the average assessment of the
direct and indirect effects was achieved. The scale used in
the IM approach refers to an assessment of the direct and
indirect impact of a given variant in the evaluation of the
analyzed variants. Direct effects of a solution are
evaluated on a micro-scale — regarding the structure per
se, while indirect effects are viewed in a broader context,
concerning future users or the macro-environment.

It was also necessary to determine the importance of
the criteria provided earlier. The importance defines the
priorities which, to various degrees, can fulfil the variants
designed, and were not changed due to analysis of the
same problem. The calculations are listed in Tab.5.

Table 5 Matrix for calculations according to the indicator method

o o — ~ — =
N .S = = P
Z5 S = z 2
1 Al 31040 (15| 080 |3 0,10
2 A2 311,75 (144 225 |5 0,25
3 A3 503,15 (44| 224 |3 0,35
4 A4 31 1,6 |54 1,00 |1 0,20
5 A5 21050 [3[4] 0,70 |3 0,10
sum 7,40 6,99 1,00

The values shown in table 4 are estimated through a
comparison of the analyzed solutions. An example is the
light weight of a structure, where the steel construction is
lighter and scored higher than the prestressed concrete
structure in direct assessment. The same is true about the
indirect evaluation, where a lighter structure generates
fewer problems while being transported to the
construction site, which is considered to belong to indirect
effects. The remaining criteria are analyzed in a similar
fashion.

The calculations can be presented in the form of
graphs showing the accumulated effect of the distribution
analysis (series 5) of the values provided in the table
(Figs. 1 and 2). The trend of every value portion in time
can be seen in the graphs. The middle value on those
charts is updated by multiplying by the importance
assigned to the following criteria. The comparison of the
end results of the analysis, shown in graphs in Figs.2 and
3, presents the advantage of variant 1 over variant 2. This
can be read from the line corresponding to series 5 in the
value description.
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Figure 2 Distribution of the analysed values for the variant I
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Figure3 Distribution of the analysed values for the variant II

After analysis the results obtained provide answers to
many questions about the choice of variants of the
planned project. Detailed analysis of the direct and
indirect effects proves that criteria 2 and 3 are most
important for the planned project (which can be assessed
based on the distance between those lines on the charts),
and the resistance to ambient conditions is critical for the
advantage of variant one over variant two. It should be
emphasised that in the Indicator Method negative values
can also be considered, which reflect the negative effects
of some criteria in the category.

In the process of construction project preparation the
development and analysis of various solution variants is
of key importance. One of the problems the designer has
to solve in agreement with the investor is the choice of
structural materials and solutions. The technologies
available should be analysed with the use of methods
supporting the decision-making process. The procedure
presented can be successfully applied to analyse the
measurable and non-measurable criteria. One of the multi-
criteria methods is the Indicator Method presented in the
paper and compared to the MCE method.

6 Summary and analysis of the results obtained

In the process of construction project preparation the
development and analysis of various solution variants is
of key importance. One of the problems the designer has
to solve in agreement with the investor is the choice of
structural materials and solutions. The technologies
available should be analysed with the use of methods
supporting the decision-making process. The procedure
presented can be successfully applied to analyse the
measurable and non-measurable criteria. One of the multi-
criteria methods is the Indicator Method presented in the
paper and compared to the MCE method.

This method differs from others in that it allows
taking into account the direct and indirect consequences
of the project and its negative effects to a greater degree
than the other methods. Despite the complexity involved
in data preparation, it is extremely useful in such
analyses. The main advantages of the Indicator Method
include the possibility to analyse the variants studied in
detail, and to take into account a broader scale in the
assessment of results. A very interesting point of the
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analysis is the assessment of the direct and indirect effects
of the wvariant analyses on the ultimate project,
environment or execution conditions, and its operation
later on. This characteristic is typical for this method
only, and is very important in many cases. As a result, it
provides an answer to the question of which components
are critical for the positive or negative final assessment of
the project variant.

The fragment of the comparative analysis presented
demonstrates the feasibility of multi-criteria methods for
the assessment of various solution variants, and
underlines the importance of such analyses in investment
practice in the building industry, and the example
presented emphasises the usefulness of the Indicator
Method.
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