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Introduction to the Conference Proceedings

1-3 February 2018, University of Catania, Catania, [taly

One of the main challenges of the twenty-first century is to increase the sustainability level of our cities.

This requirement is mostly associated to environmental issues, and a great effort has been made in the past
years to build a low-carbon society. However, a town, to be considered sustainable, must, above all, be safe,
particularly against natural hazards, which in Europe are mostly related to climate changes (e.g., hurricanes,
floods, storms, and landslides) and seismic events (earthquakes). Unfortunately, sustainability is still not a
prerogative of most European cities, especially those placed in seismic countries such as Italy, where at least
50% of the residential stock is earthquake-prone, while over 80% of the same stock is highly energy-
consuming and carbon dioxide-emitting, thus contributing to trigger hazards related to climate changes. In
this context, renovation actions, which combine both energy and seismic issues, are strongly needed. This
assumption has to be promoted for the following main reasons: energy renovation alone will be worthless if
an earthquake destroys the building; to prevent life losses and damages; to avoid several costs otherwise
duplicated (costs for building-site setup and scaffolds, claddings, plasters and other finishings, etc.).
Nevertheless, several barriers considerably limit the real possibility to extensively undertake combined
retrofit actions, especially for multi-owner housing and high-rise buildings. These barriers are of different
kinds: (i) technical (e.g., unfeasibility and/or ineffectiveness of conventional retrofit solutions, and need of
regulatory simplification); (ii) financial (e.g., high renovation costs, “split-incentive”/*landlord—tenant
dilemma”, and insufficient incentives and subsidies); (iii) organizational (e.g., temporary alternate
accommodation for occupants, consensus to the retrofit expenditure by condominium ownerships, and
excessive time to obtain building permits); and (iv) cultural/social (insufficient information and skills, and
lack of adequate policy measures to promote renovation actions).

The Seismic and Energy Renovation for Sustainable Cities - SER4SC 2018 Conference, held in Catania, 1*
to 3" February, aims to overcome these barriers and to bridge the gap between sustainability and safety, with
a link that may conserve both human and environmental resources.

This edition contains 56 papers arranged by theme into 6 thematic sessions.

Each submission received reviews from at least two different Scientific Committee members and we would
like to express our thanks to all the reviewers that provided detailed comments and feedback on all the
submitted papers.

The selected papers were organized into sessions for the oral presentation, according to the key topics of the
conference.

1 Session

Urban vulnerability and sustainable cities

Sustainability and safety of cities. Description of the vulnerability and/or energy performance
scenario of any region or town. Tools and methods for assessing the urban vulnerability to natural
hazards and for determining the scale of intervention to adequately reduce this vulnerability. Cost
evaluation for the improvement of the urban resilience to natural hazards. Scenarios of possible
financial incentives.

Resolution of organizational and practical problems

Strategies to overcome different organizational and practical problems, which considerably limit the
real possibility to undertake retrofit actions, especially for multi-owner housing and high-rise
buildings: consensus to the retrofit expenditure by condominium ownerships, excessive duration of
renovation works and temporary alternate accommodation for occupants, split-incentive/landlord-




tenant dilemma, excessive time for getting construction permits, need of regulatory simplification,
etc.

Economic and financial policies to promote renovation measures
Economic and financial tools, measures and policies to promote renovation activities.

Strategies for promoting the social sensitivity to prevention actions

Development of new policies to promote the awareness of the disastrous consequences of inadequate
or insufficient prevention actions. Strategies to disseminate, among interested stakeholders, technical
skills and competences on retrofitting measures, as well as to highlight the economic convenience of
undertaking combined seismic and energy renovations. Training activities.

2" Session

Construction techniques of historic and recent buildings

Description of construction techniques adopted for historic buildings (i.e. built before 1950) and
recent buildings (i.e. built from the 1950s to the 1980s). Relationships between construction
techniques and seismic or energy performance of buildings.

3" Session

Seismic and energy regeneration strategies at district and urban scale

Urban regeneration strategies for the reduction of seismic vulnerability and/or energy dependence.
Integrated land use and transport planning to reduce energy consumption due to private means of
transportation.

h .
4™ Session

Design, monitoring and management tools

Novel tools for design, monitoring and management of existing buildings (e.g. BIM, parametric
design, form finding, sensor grids, building management systems, etc.), with particular reference to
renovation and post-renovation activities.

Retrofit optimization through prefabricated systems
Development of prefabricated systems to accelerate seismic and/or energy renovation activities, in
order to reduce costs and inconvenience to the occupants.

5™ Session

Technical solutions, materials and methods for seismic and energy renovation
Technical solutions, materials and methods for the seismic and/or energy renovation of historic
and/or recent buildings.

6™ Session

Decision support tools for the selection of the optimal retrofitting scenario

Development of user-friendly decision support tools to select the best seismic and/or energy
renovation scenario, in terms of effectiveness, efficiency, costs, available incentives and subsidizes,
safety, inconvenience to the occupants, etc.10. Resolution of organizational and practical problems.

Diagnostic techniques and numerical models to assess seismic vulnerability and energy performance
Development of novel diagnostic techniques and numerical models to determine the seismic
vulnerability and/or the energy performance of historic and/or recent buildings.




Despite the different disciplines and viewpoints represented at the conference, all participants agreed that the
challenge of combining energy renovation actions ad seismic upgrades are urgent and represents today a
prevention action that is becoming more and more necessary to increase the sustainability level of our towns.
Seismic and energy renovation of buildings will allow reaching very relevant benefits, at environmental,
social and economic levels.

Consequently, wide engagement actions, at both local and European level, are fundamental to raise
awareness of the social, environmental and cultural relevance of prevention actions, and to achieve
consensus and behavioural change towards decisional strategies for both energy efficiency and seismic
safety.

Prevention is essentially a matter of mindset and culture. Since European countries have a great tradition and
culture, the basic premises for developing a prevention attitude are all there.

In this context, schools, universities and research institutes play a crucial role, stimulating institutions and
political forces to strongly promote the upgrade of the building stock.

This virtuous circle is possible, as well shown by the movement for the restoration of historic cities that has
originated in Europe and afterwards has reached brilliant results of urban rebirth, which are clearly evident in
Italy as well as in many other countries

This conference has engaged expertise and experiences of scientists, scholars, professionals and decision-
makers from different countries, in order to find new effective, affordable and holistic solutions, which may
positively contribute to enhance the sustainability level of our towns. In other words, this conference has
aimed to become a hub, where people can discuss and start developing new robust renovation strategies for
sustainable cites.
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Multicriteria analysis for choosing maintenance strategies

Nicolella Maurizio*, Scognamillo Claudio, Pino Alessio

Universitiy of Naples Federico Il — Department of Civil, Architectural and Environmental Engineering - 80125 Naples (Italy)

piazzale Tecchio 80

Abstract

The life cycle of building components can be managed according to different maintenance strategies, which mainly
differ in performance and economic terms.

What is the most convenient one among the possible scenarios? It has been shown in the past that the typology of
maintenance interventions and the consequent periodicity are closely related to performance decay, and can lead to
choices that, however, generally concern the purely economic sphere.

In this sense, it seems interesting to know the modalities of the performance decay, which may allow — even though
for many components the "measurement” of its values is problematic - the construction of performance / time curves.
This result was possible, in other experiments conducted in the past, for one of the components to be considered most
critical for the whole building (the plaster), thanks to a study that sampled 53 masonry buildings with homogeneous
characteristics (both from the technological point of view and from the era of realization), observed within 20 years.
This paper highlights that the only economic evaluation is not enough to identify the ideal solution, because — inter
alia - there is a more suitable solution depending on the context framework in which the decision maker is operating.
Commitment, budget, component typology, time span to consider, are the main factors influencing the choice, not
ignoring design issues.

A TOPSIS multi-criteria analysis is proposed, the results of which are an interesting starting point for defining
maintenance plans characterized by greater reliability, not only technical but also economic.

© 2018 Nicolella, Scognamillo, Pino. Published by EdicomEdizioni.
Selection and peer-review under responsibility of SER4SC2018 Scientific Committee.

Keywords: performance; maintenance; multicriteria; TOPSIS

* Corresponding author. Tel.: +39-081-768-21-41
E-mail address: maurizio.nicolella@unina.it.



Nicolella M., Scognamillo C., Pino A.
1. Introduction

A building is a dynamic system. Over time, all of its parts are subjected to a progressive change which
results in the worsening of its characteristics, of its technical qualities, that is to say to performance decay.

Dealing with this process offers a huge variety of choices of action, included between two extremes:
restoring the performance or witnessing its deterioration.

All the possibilities toward the performance decay make up the maintenance activity. While performing
this choice, a designer has first to consider several aspects of maintenance interventions, each characterized
by a cost, a periodicity, a duration and much more.

The issue of maintenance activity, which must be taken into account during the whole life of a building,
is in fact what probably epitomizes best the complexity of a building product, mainly because of two
reasons:

o the huge number of factors affects performance decay, together with the little knowledge about its laws
of variation;

o the interaction of various professional and human roles, each with their needs and characteristics
influencing the decisions on the matter.

The knowledge of the performance variation of components over time is essential in relation to the
redaction of a maintenance plan following a maintenance strategy. A maintenance strategy consists in fact
in the decision of the typologies of interventions, of the levels of performance in correspondence of which
they have to be executed and of the levels of performance to be achieved. This means that, in order to enact
a maintenance strategy, the times at which such levels of performance will be reached, has to be
acknowledged.

In first place it is necessary to define the levels of performance and the typologies of interventions, and
literature has already made it this far. The levels of performance associated to the levels of decay can be
identified with the performance degrees indicated in 1ISO 15686-7 code, in the table reported below. [1]

Table 1. Performance degrees in ISO 15686-7

Performance degree 0 No symptoms

Performance degree 1 Slight symptoms

Performance degree 2 Medium

Performance degree 3 Strong symptoms

Performance degree 4 Totally unacceptable, including collapse and malfunction

On the other hand, Nicolella [2] lists the different typologies of intervention, sorted by a crescent order
of entity. He individuates the following:
e Monitoring / Inspection;
Cleaning / Superficial intervention;
Reparation;
Substitution / Integration;
Total substitution.
It is then necessary to associate performance degrees to in-use conditions for each component, and to
know the times, during the service life of the component, at which such in-use conditions occur. That is to
say, performance-time curves have to be built for each component.

So, basing on a previous experimentation which led to the construction of a performance-time curve for
plaster coverings, which provides the information that are needed for hypothesizing reliable maintenance
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strategies, this research performs an exploration of a multi-criteria decision analysis method to take into
account all of the variables that insist in the maintenance process. The objective is to select the optimal
maintenance strategy by evaluating the benefits and risks in relation to such variables.

2. The starting point

In Naples, Italy, an experimentation had been carried out by a team of researchers on 100 sample
buildings from 1988 to 2000, according to the guidelines of the abovementioned ISO 15686-7 code,
consisting in:
¢ in-depth observation of the initial conditions at the beginning of the experimentation, in some cases by

visual inspection, and in other with the support of a thermographic camera;

e documentation of the maintenance activities executed during the early years;
e observation of the evolution of the conditions of conservation in the following period, with inspections
mainly carried out via thermographic camera.

The aim was that of evaluating the value of service life for plaster coverings, which was totally fulfilled,
and the Nick Method for the evaluation of service life of plaster coverings, included in UNI 11156-3:2006,
code is its result. The results have also been published and presented in other works. [3] [4] [5] [6]

Then, following this first step, the research continued until 2016, finalized to assess the life cycle of
plaster covering by creating performance-time curves with an extension of 30 years for 53 of the initial 100
samples buildings, ultimately leading to the obtainment of the performance-time curve for the plaster
covering as the envelopment of the single curves. [7]

In order to put into practice the possibilities of use of this curve, four different maintenance strategies
were hypothesized:

e | — Consumption of the performance during its life cycle, with absence of maintenance interventions;

o |l —Partial reconstructions and finishing works on the whole surface;

o |l — Defense of plaster from atmospheric agents, by renovating the finishing layers with partial
reconstructions;

e |V — Frequent removal of anomalies, with superficial interventions until the necessity of a partial
reconstruction.

In order to apply the maintenance strategies to plaster covering, the maintenance interventions from the
list were specified for this component, linked to the in-use conditions for plaster coverings corresponding
to the performance degrees from Table 1.

Table 2. In-use conditions and maintenance interventions for plaster coverings

PERFORMANCE IN-USE CONDITIONS FOR PLASTER MAINTENANCE INTERVENTIONS
DEGREE COVERINGS
0 No performance decay None
1 Incipient exfoliations and air bubbles — evident Partial grouting + painting (1)

chromatic alterations
Accentuated exfoliations and air bubbles —
2 microcracks or incipient detachment extended to Smoothing + painting (1,)
less than 30% of the surface
Accentuated exfoliations and air bubbles —
3 microcracks or incipient detachment extended to
more than 30% of the surface

Partial makeover of the plaster + smoothing +
painting (ls)

Total makeover of the plaster + smoothing +

4 Partial/total collapse painting (1)
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The execution of the maintenance strategies described above was planned for a period of 30 years, as
detailed below.

Table 3. Detail of the execution of the maintenance interventions according to the four strategies

5 10 15 20 25 30
Strategy |
Strategy |1 I I3
Strategy Il I, I3
Strategy IV Iy Iy I3

This scenario offers the rare possibility to evaluate objectively which one is the most convenient
maintenance strategy, among the ones than can be chosen by the designer. In fact, as it was mentioned
before, one of the reasons behind the complexity of maintenance activity is the uncertainty about
performance decay, which normally leads to a large use of condition-based and preventive maintenance, in
which the times of interventions cannot of course be predicted at the beginning, making the comparisons
of convenience of course less reliable.

Therefore, the second difficulty has now to be faced, that is to say the necessity to consider a significant
number of factors in the evaluation, due to the presence of a significant number of interacting elements. To
achieve this, it is necessary to make use of a method that is able to take them into consideration, a multi-
criteria decision analysis method (MCDM).

3. State of the art and methodology of the research
3.1. State of the art

Multi-criteria decision analysis methods are a common tool to evaluate the optimal decision in various
contexts, by giving to each alternative scores based on the criteria chosen, and then comparing them. Several
methods have been developed in this field, and some of these have already been used in the field of the
evaluation of optimal maintenance strategies.

The father of the idea behind this application was Triantaphyllou [8], who suggested the criteria to adopt
to implement this evaluation, individuating them in cost, repairability, reliability and availability. He also
showed an application of the use of AHP (Analytical Hierarchy Process) for this choice. Then, a lot of
authors explored the use on this theme of combinations between different methods: among the others,
Bevilacqua [9] implemented the AHP by integrating goal programming to determine the optimal
maintenance policy in an oil refinery; Ilangkumaran [10] proposed a combination of fuzzy AHP with
TOPSIS, in order to select the optimal maintenance policy for textile industry. Ghosh [11] introduced an
integration of AHP, goal programming with fuzzy logic; Chen [12] tried using AHP, TOPSIS and grey
relational analysis to evaluate the performance and decided the optimal maintenance policies that suited
semiconductor company in a more effective and accurate manner.

The methodology suggested here is structured as a TOPSIS method, but differentiates itself from the
fuzzy TOPSIS in the choice of the weights of the m criteria, which is obtained through the use of am x m
comparison matrix rather than by simple attribution, like in AHP. Another difference lies in the
determination of the scores of the alternatives, which is not performed by the assignment of 1-10 scores by



Multicriteria analysis for choosing maintenance strategies

decision makers. Each value in the matrix derives in fact from an accurate study, as it will be shown in the
following.

3.2. Fuzzy TOPSIS

The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is a multi-criteria
decision analysis method, which was originally developed by Hwang and Yoon in 1981 with further
developments by Yoon in 1987, and Hwang, Lai and Liu in 1993. TOPSIS is based on the concept that the
chosen alternative should have the shortest geometric distance from the positive ideal solution and the
longest geometric distance from the negative ideal solution. It is a method of compensatory aggregation
that compares a set of alternatives by identifying weights for each criterion, normalising scores for each
criterion and calculating the geometric distance between each alternative and the ideal alternative, which is
the best score in each criterion. All the criteria have then to be monotonically increasing or decreasing.

In its application, the first step is to define the alternatives (A, i = 1, 2, ..., n) and the criteria (C;, j = 1,
2, ..., n) according to which the alternatives will be evaluated. Then a weight (W, j =1, 2, ..., m) has to be
attributed to each of the criteria. In an original formal addition suggested here, the weight is positive if the
criterion is beneficial, and negative if the criterion is not beneficial.

Once the scores for each alternative according to each of the criteria have been given, usually in the
form of 1-10 scores assigned by a number of decision makers, the related D matrix, with n lines and m
columns, can be created.

xll xlz e xln
x21 ., " xZn

D= : . : (1)
xml A e an

In the D matrix, called the fuzzy decision matrix, Xij represents the score assigned to the i-th alternative
according to the j-th criterion.
Then, the x;j values in the matrix have to be normalized to rijvalues, by applying the equation:

Xij i
r.= ——,i=1,2,..,m 2)
m 2
i=1%ij

The result is the normalized fuzzy decision matrix.

1'11 1'12 e T‘ln
rz 1 " e T'2n

R=1" . : €))
1 e Tm

Then, the W; weights that were established at the beginning for the criteria have to be applied to the
matrix, by multiplying each of the r;; values to the related w; weight, obtained for each criterion through the

equation:
wj
= S @

So, the tjj values of the weighted normalized fuzzy decision matrix will be obtained as:

tl-jZT'l-j'|Wj|,l'=1,2,...,m;j=1,2,...,n (5)
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The T matrix, made up by the tj; values, can finally be realized.
At this point, in order to perform the evaluation, the worst alternative (Aw) and the best alternative (Ay)

have to be determined as shown here:

A, ={t,; = (min(tl-jli =1,2,..,mlj:w; > O)), (max(tUIi =1,2,..,mlj:w; < 0))} (6)

Ay = {ty; = (max(tij i=12,..,ml|j:w; > 0)), (min(tij i=12,..,ml|jw; < 0))} )
Then, for each of the alternatives, the distances from A, and A, can be calculated, in the form of diy

and di, respectively. Of course, the former is a positive parameter, while the latter is a negative one.

2,
dy = (X(tj—ty) i=1,2,..,m ®)

dib = ’ ;l=1(tij - tbj)z ,i = 1, 2, e, m (9)

The discriminative parameter of the multi-criteria analysis can finally be evaluated, in the form of the
similarity to the best condition, si,. The decision with the highest value will be the best one among the m
alternatives, or more in general the alternatives can be ranked according to this parameter in crescent
order.

diy
diy+dip

Sip = (10)

3.3. AHP enhancement

The analytic hierarchy process (AHP) is a structured technique for organizing and analysing complex
decisions, based on mathematics and psychology. It was developed by Thomas L. Saaty in the 1970s and
has been extensively studied and refined since then.

The way weights are attributed to criteria in AHP seemed to be more transparent and reliable than in
TOPSIS, so that part was included in the methodology. In AHP method, a W matrix is built, with the n
criteria both on the lines and on the columns. So, every value in the matrix is a cy that reflects the relative
importance of k = 1, 2, ..., n criterion compared to | = 1, 2, ..., n criterion, higher if k is more important
than I. In the central diagonal of the matrix, where each criterion is compared to itself, of course all the
values will be 1.

C11 Cio Cin
C21 S e C27’l

w=|": . : (11)
Cp1  * e Cpm

Then, for each k-th criterion, the Wi weight, from which wy can be obtained as in TOPSIS, is calculated
as:

Wy =X Cu (12)
Before accepting the results, a consistency check has to be done. As explained in the equations below,
JAmax and CI, the Consistency Index have to be calculated, then RI, the Random Index has to be obtained
from Saaty’s table [13] in relation to the number of criteria n.
Zz=lz?=l kWi

Aoy = ——2— (13)

max n

Cl = tmax=t (14)

n-1
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Table 4. Saaty’s table for the Random Index in function of the number of criteria

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
RI 000 o000 058 09 112 124 132 141 145 149 151 148 15 157 159

Finally, the consistency check will be successful if the consistency ratio CR, equal to the ratio between
Cl and RI, is greater than 0,1. Otherwise, different c;; have to be assigned until the check results verified.

Then, the positive or negative sign, depending on whether the criteria are beneficial or not, can be
attributed to the values.

4. A proposal of application of MCDM to the choice of maintenance strategies

Through the methodology of AHP-enhanced TOPSIS, the optimal maintenance strategy for plaster
coverings will be unveiled. The maintenance strategies that will be submitted to the evaluation are those
previously listed, from now on indicated respectively as A1, Az, Az and A4, while the chosen criteria are the
following:

e Cost (Cy);

o Safety (Cy);

e Auvailability (Cs);
e Sustainability (Ca).

As anticipated previously, the scores for each criterion will not be in the form of 1-10 scores. Rather,
each score will be obtained with a specific process.

4.1. Cost

Cost is probably the element that influences the most the choice of maintenance strategies, because of
the hardly revisable budget in the availability of the commitment. The cost of each maintenance strategy of
course depends on the cost of the single interventions. So, the total cost of a maintenance strategy is here
calculated by multiplying the unitary cost of each intervention, found in the Price List of Campania Region
of 2016, for a surface of 2000 m?, which is a mean value for buildings like those sampled from 1988 to
2016. The costs are then capitalized to the 30" year according to the time schedule of the interventions.

Then, it has to be considered that different maintenance strategies result in different residual service life
of the component. Values of residual service life at the end of the period of the maintenance strategy that
are lower than the mean value of the service life of the component produce an economic loss, as some
methods from the fields of estimation, such as the depreciation cost approach, point out. This economic
loss can be evaluated as future expense related the cost of total reconstruction (I, from Table 2), which is
needed to restore the original service life of the component after Pmin is reached, discounted for a number
of years equal to residual service life.

This value is finally summed to the capitalization of the costs of the single interventions of the strategy.
Of course the assessment of residual service life, which depends not only on the number of years passed of
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the component, but also on the interventions that have been executed on it, is preliminary to the obtainment
of this value.

The four values of residual service life have been obtained from the performance-time curve for plaster
coverings, adapted to each maintenance strategies in Fig.1, where performance is in blue, in order to find
the tmin time at which the lowest acceptable performance Pmin, represented as a red line, is reached.

Fig. 1. Performance-time curves of the four strategies for plaster coverings

Table 5. Detail of the calculation of cost for each maintenance strategy

COSTOFSINGLE  CAPITALIZED ESTIMATED FINAL  FUTURE TOTAL
INTERVENTIONS CosT RESIDUAL LIFE EXPENSE COST
A 0€ 0e€ 0 years 141.880 € 141.880 €
113.880 €
A, Las00 e 258.370 € 15 years 105.420 € 363.800 €
85.920 €
Aq 115880 ¢ 211.650 € 12 years 114,540 € 326180 €
77.120€
9 77.120€ 314.000 € 16 years 98.610 € 412610 €
113.880 €

4.2. Safety

Plaster coverings, being located on the external wall of the building, may represent one of the most
dangerous elements of a building both for those who live in it, and for those who do not. This has been
shown in events like the one occurred two years ago, when a 14-year-old boy lost his life, in the city of
Naples, because of the fall of a big piece of plaster from the facade of a historical building, as important as
poorly maintained. Though this kind of events is presumably avoided by executing interventions in the first
30" years of life, there is still a chance of failure, due to the probabilistic concept of service life.

Then of course safety, intended here as a value that is inversely proportional to the probability of failure
over the period of duration of the maintenance strategies, deriving from the probabilistic nature of
performance decay, is relevant as a criterion of choice. The probability of failure is evaluated by using the
performance-time curves that have already been realized to assess residual service life. Considering that
past experimentations have shown that, for plaster coverings, critical condition are present:

o after 15 years in the 9,4% if cases;
o after 20 years in the 47,1% of cases;
e after 22 years in the 52,8% of cases.

So, it seems correct to multiply these percentage of likeliness, to which the risk of failure is of course
strictly related, for the value of the area between the curve and the horizontal line where P = Ppin, calculated
separately for each time interval defined by the years listed above. The final value, constituted by the sum
of products between graph area and probability, is in a raw scale, but this is irrelevant as TOPSIS normalizes
the values for each parameter.

Table 6. Evaluation of safety for each maintenance strategy
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GRAPH AREA IN GRAPH AREA IN GRAPH AREA IN SAFETY
15-20 YEARS 20-22 YEARS 22-30 YEARS ASSESSMENT
Ay 17 5 6 7,13
A, 53 15 29 27,4
As 17 20 36 30,1
Ay 33 28 60 48,0

4.3. Availability

Availability is the capability of equipment functioning well during a definite period or even beyond it.
Then, it is only necessary to calculate, for each strategy, the mean value of duration of the maintenance
interventions (MTTR, Mean Time To Repair), and the mean time between interventions (MTBF, Mean
Time Between Failures), in order to apply the well-known formula:

MTBF

Availability = ————— (15)
MTBF+MTTR
Table 7. Evaluation of availability for each maintenance strategy
PERIODS BETWEEN MTBF DURATION OF MTTR AVAILABILITY
INTERVENTIONS (years) INTERVENTIONS (years)
AL 29, 55 years 29,55 5,4 months 0,453 0,985
14,7 years 3,6 months
Ao 14,7 years 147 3,6 months 0.297 0.980
19,8 years 2,25 months
As 9,7 years 14,75 3,56 months 0,242 0.984
9,9 years 0,8 months
Ay 9,9 years 9,85 0,8 months 0,144 0,986
9,7 years 3,56 months

The duration of interventions was obtained by multiplying the h/m? value reported in the Time List of
Campania Region or, if not present, by extrapolating the work details from the Price List of Campania
Region — 2016 Edition, for a surface of 2000 m?, considered to be a mean value, as in the evaluation of
costs.

The very high values of availability for all the strategies that appear in Table 7 surely stand as a proof
of one of the main benefits of programmed maintenance, that is to say its possibility to reduce the frequency
of interventions by executing in a single year as many interventions as possible.

4.4. Sustainability

In the evaluation of sustainability, it would be redundant to take into account economic sustainability,
as this theme already influences the cost parameter. Then, only environmental sustainability will be
considered for the attribution of the scores according to this criterion.

It is a common knowledge that buildings are one of the major causes of pollution, both in their
construction, in the users’ energetic needs when satisfied by non-renewable energy sources and in the
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activities of maintenance. Therefore, it seems significantly important to reduce the negative impact on
environment of maintenance interventions.

The materials which production affects the most the environment is certainly the cement. Its
environmental impact can be assessed in function of the energy that is released during its production, by
considering that the ratio between the energy and the mass of cement is 4,882 MJ/kg™! and by adopting a
density value of 1.360 kg/m® for cement. The energy consumption caused by an intervention of total
reconstruction on a surface of 2000 m? is then 166.600 MJ, while interventions of partial reconstruction,
considered to occur on the 50% of the surface, dissipate 83.300 MJ. The value of sustainability will then
be evaluated as inversely proportional to the energy consumption.

Table 8. Evaluation of sustainability for each maintenance strategy by calculation of VOCs released

'RECONSTRUCTIONS __consuwprion _ SUSTAINABILITY
Ar 1 166.600 MJ 2
Az 2 333.200 MJ 1
As 15 249.900 MJ 15
Ay 15 249.900 MJ 15

4.5. Weight comparison matrix

The last step, before the actual application of TOPSIS, is to establish the weights for each criterion, by
defining the relative importance of the criteria in the weight comparison matrix, and performing the
consistency check.

1 1/4 3 1/2
4 1 6 3

W=11/3 1/6 1 1/4 n
2 13 4 1

The consistency check is satisfied. In fact, Amax = 5,61 > 4; Cl is equal to 0,537 and RI, according to
Saaty’s table, is 0,9. Then, CR = 0,596 > 0,1.

Of course, C; is the only non-beneficial criterion , while C,, Cs, and C, are all beneficial. So, the value
of the weights are Wy = -1,48, W» = 1,93, W5 = 1,15, W4 = 1,64 and the respective normalised weights are
wi = -0,238, wo = 0,312, w3 = 0,185 and w4 = 0,265.

4.6. Results

The TOPSIS methodology is now implemented as detailed in paragraph 3.

141880 7,13 0985 2
303610 27,4 0980 1
266010 30,1 0,984 1,5
352450 48,1 0986 1,5

D= (18)
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0,256 0,112 0,501 0,649
R= 0,548 0,432 0,498 0,324 (19)
~ 10,480 0,475 0,500 0,487

0,636 0,758 0,501 0,487
0,061 0,035 0,093 0,17

0,13 0,13 0,092 0,09
0,11 0,15 0,093 0,13
| 0,15 0,24 0,093 0,13

The PIS is (0,051; 0,236; 0,093; 0,17), while the NIS is (0,15; 0,035; 0,092; 0,086). Then, the diy and dip
vectors, and finally the sj vector, can be calculated.

diw = (0,13; 0,10; 0,12; 0,21)

dib = (0,20; 0,16; 0,12; 0,11)

siw = (0,39; 0,40; 0,52; 0,66)

The siw shows that the optimal maintenance strategy is the fourth one, the one characterised by a higher
number of interventions.

T = (20)

5. Discussion and conclusions

The result of the TOPSIS methodology, which shows that the 4™ maintenance scenario constitutes the
optimal maintenance strategy, is highly influenced by the weight that was arbitrarily given to the criteria.
In particular, it causes a total change of result for the 1% strategy, based on the absence of interventions. In
fact, while strategies with no interventions are characterized by high benefits in all the other 3 parameters,
in relation to safety it shows a high risk: this makes them the worst strategy according to the TOPSIS
method. This is a perfect example of the importance of taking into account all the variables in play in order
to make reliable decisions in the field of maintenance.

Yet, the secondary purpose of this result is not obvious. In fact, the premise suggested that one of the
most peculiar traits of building engineering is the necessity to fulfill the needs of a high number of figures,
who interact between themselves and are variously characterized; despite that, TOPSIS method, as
presented here, only offered a deep analysis of how maintenance strategies differ between themselves under
many lights.

Then, while it would be easy to conclude that A4 can be considered to be the best choice for plaster
coverings, it cannot be so: an incredible variety of situations can occur in engineering practice, and none of
the four criteria takes this into account. Actually, the solution to this puzzle simply lies in the definition of
the weights of the criteria. In fact, while here they have been attributed according to a logic of ordinary
nature, they can be changed to suit best the specific situations. For example, a case where the budget is
particularly low can be represented by a higher value for the parameter of weight. This inference
undoubtedly widens the use of this method template for designers.

The interesting results of this experimentation also encourage further research in the field of durability,
as the performance-time curve for plaster coverings was the only starting point for the numerical evaluation
of the criteria. This means that the creation of reliable performance-time curves for other building
components can offer the possibility to realize templates for multi-criteria analysis like this one on them as
well.

One last note has to be made regarding the construction of the performance-time curves that include the
increases of performance related to maintenance interventions, which have been used to evaluate cost and
safety. In this case, speculation played a significant role in constructing them, as not enough data are present
at the moment to perform an accurate evaluation of how the laws of performance decay change after the
execution of a maintenance intervention. If codified maintenance strategies like the four that have been
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analyzed here were executed more often, and a continuous monitoring was performed on the buildings
subjected to them, there would be a significant database that could help to build more accurate performance-
time curves related to maintenance strategies, generating a circular process of development of multi-criteria
analysis for the choice of optimal maintenance strategies.
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