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Abstract: Existing maintenance policies have several limitations, mainly due to the lack of knowledge
regarding the durability and performance of buildings. Usually, the maintenance policies are
insufficiently accurate, neglecting the risk of failure over time and the global costs associated with
repairs. In this study, a condition-based maintenance model, based on Petri nets, is proposed to
evaluate the impact of three maintenance strategies of ceramic claddings in pitched roofs (CCPR):
MS1—only total replacement; MS2—composed of total replacement and minor intervention and
MS3—composed of total replacement, minor intervention and cleaning operations. In this study,
146 CCPR were inspected in situ, with a total area of 43,991.6 m2. The remaining service life of the
CCPR; the global costs over the claddings’ lifetime (considering inspection, maintenance, replacement
and disposal costs); the claddings’ degradation condition and the number of replacements during the
time horizon are used to evaluate the performance of the different maintenance strategies through a
simplified multi-criteria analysis. The results show that the gains in performance, in terms of expected
service life and durability, of the consideration of preventive maintenance actions (minor interventions
or cleaning operations) outweigh the increase of the operation costs.

Keywords: durability; condition-based maintenance; maintenance strategies; ceramic claddings in
pitched roofs; service life

1. Introduction

The performance of continuous and periodic inspections and maintenance activities in buildings
and their components over time is not yet fully integrated in society. However, this interest has
increased in the last decades [1–3]. Until the 2008/2009 economic crisis, the construction sector in
Europe was strongly marked by the constructions of new buildings [4,5]. Consequently, nowadays,
there is yet a lack of consolidated practices and guidelines in the maintenance and rehabilitation of
the built environment [4]. Since regular inspections and maintenance activities, in general, are not
mandatory [6], these activities are usually performed only when buildings and their components are
already severely degraded, or corrective maintenance activities are carried out to react to failures
failing to deal with the causes [7], leading to additional costs [8] and causing potential safety and
health hazards to the users [9].

Furthermore, the existing methodologies have several limitations [10–12], such as: scarce data
about maintenance protocols, poor or non-existent implementation of strategic procedures, lack of
information regarding the durability and performance of buildings, insufficiently accuracy of the
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existing maintenance policies and lack of information about global costs associated with repairs.
Therefore, the development of new scientifically well-founded methodologies and guidelines to
improve the building asset management is crucial, mostly through careful planning of the inspections
and maintenance activities [4,13]. This will enable a more rational management of the building stock
through the implementation of more reliable maintenance policies and allow the adoption of more
sustainable and durable solutions at the design stage.

The lack of maintenance and rehabilitation policies implemented during the lifetime of the
buildings is especially noticeable in the envelope elements (façades, windows and roofs), promoting
the premature aging of these elements. The building’s envelope elements are the first protection of
the buildings [14] against the external environment degradation factors [15], and the roofing systems
are the most vulnerable element [16]. According to several authors [17–20], roofing systems are the
building element most affected by anomalies. Roofs are subjected to different degradation mechanisms,
such as exposure to extreme and variable temperatures, solar radiation, rain and snow, wind, biological
and chemical agents, traffic pollution and inadequate use [16,21]. In most circumstances, the outcome
of the continuous degradation in roofs is more severe than in other parts of the building, since it
can lead to structural problems, compromising the roof itself, as well the remaining structure of the
building and/or neighbouring buildings, and cause damage to the goods inside the building [22,23].

Therefore, in this study, the maintenance of ceramic claddings in pitched roofs (CCPR) is the main
focus. The life cycle Petri net-based model previously proposed by the authors [24] is implemented to
evaluate the impact of different maintenance strategies (MS) over time and promote the durability of
CCPR in a cost-effective way. Therefore, the following maintenance strategies are assessed: MS1—only
total replacement; MS2—composed of total replacement and minor intervention and MS3—composed
of total replacement, minor intervention and cleaning operations. The first one represents the most
common solution adopted by the buildings’ owners. The other two are analysed in order to evaluate
the impact of the different alternatives in the claddings’ service life and in the whole-life maintenance
costs for the period under analysis. Finally, to support the decision-makers, the operation costs,
the expected service life and the number of replacements during the time horizon are assessed through
a simplified multi-criteria analysis. In residential buildings, pitched roofs are the most frequent roofing
system; therefore, efforts to increase the knowledge about the durability, service life and maintenance
policies of these systems are essential [25,26]. Regarding the type of cladding, ceramic tiles are selected,
because they are the most popular solution in Portugal [27], as well as in other southern European
countries [23]. This case study considers 146 claddings located in Portugal. The database was built
through in situ visual inspection of CCPR in-service conditions. In an overall analysis, the results
show that the implementation of maintenance programs that consider cleaning operations and minor
interventions (i.e., preventive maintenance) is preferable, but the managers’/owners’ perceptions and
opinions are always decisive in the maintenance strategy choice.

2. Background

Since the roof is an important element of a building, the implementation of a maintenance program
to maintain the roof in an acceptable degradation condition is essential. However, to improve the
decision-making process, greater knowledge about classification systems to measure the global
degradation conditions, methodologies to predict the element’s service life and the impact of
maintenance activities are fundamental.

Literature about degradation process and maintenance management CCPR is scarce, but there
are some works about roofing systems, in general. For example, Kyle and Kalinger [22] developed a
reliability-based system for the service life prediction and management of maintenance and repair
procedures of low-slope roof systems. In this methodology, reliability is used as a performance
requirement, and decisions about periodic inspections, preventive maintenance, repair and replacement
are based on a life cycle economic analysis of the roof. Later, Zhang et al. [28] applied a Markov
Chain model to roofing systems in order to simulate the stochastic degrading process and evaluate
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the life cycle performance and cost. According to the authors, the probabilistic information obtained
from the model can be used to make well-informed decisions. Furthermore, the results show that
the uncertainty propagation through the degradation process is not negligible and may significantly
influence the final decision. Afterwards, Alaimo and Accurso [29], through a research carried out by
the Unit of Palermo, applied the factor method, proposed by ISO 15686-2 [30], to predict the service
life in pitched roofs with sandwich panels. In this study, performance grids were used to decrease the
subjectivity of the attribution of coefficients to the different factors. The factor method was also used
by Rudbeck [31] to assess the economic performance of low-slope roofing insulation systems. In this
work, the author argued that the inclusion of the life cycle cost assessment is needed in the methods
to predict the service life. In this way, the author developed a method that couples the net present
value assessment and a service life prediction system. More recently, Ramos et al. [32], with the aim of
developing a methodology to predict the service life of pitched roofs with ceramic tiles as external
cladding, adopted a simple regression analysis to obtain the degradation curves. These curves were
fitted to the sample collected during a fieldwork survey. Furthermore, the authors referred that the
performance and the service life are influenced by several durability factors. To assess this issue, based
on the roofs’ characteristics, various degradation patterns were established. Finally, Morgado et al. [21]
established a maintenance plan for pitched roofs in current buildings considering the deterioration
agents, defects and causes that influence the durability of the maintenance-source elements (MSE)
of pitched roofs. Furthermore, they proposed a methodology to rank the priority of intervention in
pitched roofs based on the anomalies detected, the environmental aggressiveness, the extent and the
severity of the anomaly under analysis and the degradation level of the MSE. This study revealed that
the inspections in the first years after construction are fundamental to the detection of symptoms of
pre-pathology that originated from design and execution errors, thus avoiding pronounced degradation
levels, and, hence economic disadvantages.

These works show that the service life prediction models data are essential to encourage the
sustainable and balanced management of the roofing systems, enhance the use of resources, optimise
maintenance activities, reduce the operations costs during the service life, and support decision-making.
On other words, the incorporation of this information is fundamental to promote, in a cost-effective
manner, the durability of the roofing systems, the adoption of an integrated approach that considers
the systems’ performance over time, the influence of the different degradation mechanisms and the
impact of the maintenance strategies is required.

3. Methodology

3.1. Maintenance Model

In this study, the impact of different maintenance strategies on the overall degradation of pitched
roofs with ceramic tiles over their lifetime is assessed through a life cycle Petri net-based model.
This model, besides including the stochastic assessment of the degradation condition of the elements,
also integrates the inspection and maintenance processes. A detailed description of this methodology
is given in Ferreira et al. [24].

The two-scale classification system implemented to describe the degradation process of CCPR is
presented in Table 1 [32]. This classification system is based on the work of Gaspar and de Brito [33].
The degradation condition scale is composed of five conditions, ranging from condition A to E,
where condition A means that CCPR does not present visual degradation, and E presents a generalised
degradation (Figure 1). The degradation condition is estimated from the visual and physical evaluations
of the CCPR anomalies observed during the fieldwork.
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Table 1. Pitched roofs’ ceramic claddings classification system (data adapted from [32]).

Degradation
Condition Anomalies ka,n

% Area
Affected

Severity of
Degradation [%]

A (kn = 0) No visible degradation - - Sw ≤ 1

B (kn = 1)

Aesthetic
Development of parasitic

vegetation/biological colonisation 0.55 ≤10

1 < Sw ≤ 6
Staining, change of colour or of

brightness of the tiles 0.20 ≤20

Functional Peeling/flaking/exfoliation 1.00 ≤10
Structural Misalignment of the cladding 1.00 ≤10

C (kn = 2)

Aesthetic
Development of parasitic

vegetation/biological colonisation 0.55 >10 and ≤30

6 < Sw ≤ 20

Staining, change of colour or of
brightness of the tiles 0.20 >20 and ≤50

Functional
Peeling/flaking/exfoliation 1.00 >10 and ≤30

Cracking/fracture 1.00 ≤10
Detachment/cladding release 0.20 ≤5

Structural
Pronounced cladding deformation 1.30 ≤25

Misalignment of the cladding 1.00 >10 and ≤25

D (kn = 3)

Aesthetic
Development of parasitic

vegetation/biological colonisation 0.55 >30 and ≤50

20 < Sw ≤ 50

Staining, change of colour or of
brightness of the tiles 0.20 >50

Functional
Peeling/flaking/exfoliation 1.00 >30 and ≤50

Cracking/fracture 1.00 >10 and ≤30
Detachment/cladding release 0.20 >5 and ≤10

Structural
Pronounced cladding deformation 1.30 >25 and ≤50

Misalignment of the cladding 1.00 >25 and ≤50

E (kn = 4)

Aesthetic Development of parasitic
vegetation/biological colonisation 0.55 >50

Sw > 50Functional
Peeling/flaking/exfoliation 1.00 >50

Cracking/fracture 1.00 >30
Detachment/cladding release 0.20 >10

Structural
Pronounced cladding deformation 1.30 >50

Misalignment of the cladding 1.00 >50

The degradation condition scale is converted into a quantitative index, called severity of
degradation, Sw, which allows assessing the overall degradation condition of the cladding. The severity
of degradation, Sw, is computed by Equation (1), which relates the area affected by the existing anomalies
and the reference area and ranges from 0% (no visual degradation) to 100% (generalised degradation).

Sw =

∑
(An × kn × ka,n)

A×
∑
(kmax)

, (1)

where Sw is the severity of degradation of the cladding in %, kn the multiplying factor of anomaly
n, considering its degradation condition (range from 0 to 4), ka,n the weight of the existing anomaly
(ka,n R+), An the area of cladding associated with the anomaly n in m2, A the total roof’s area in m2 and∑

(kmax) the sum of the multiplying factors for the highest degradation condition of each anomaly type.
The type of anomalies, the kn and ka,n coefficient values, and the relationship between the severity of
degradation, Sw, and the degradation condition, C, for the CCPR are shown in Table 1.

Furthermore, this methodology is established on the assumption that an inspection must be
carried out before any other maintenance activities, and, based on the real degradation condition of the
CCPR, the decision to intervene is made. To be precise, it is assumed that inspections are performed
to assess the real degradation condition of the CCPR, since its condition is not known over time.
In this way, the maintenance is planned based on the results of the inspections, i.e., a condition-based
maintenance strategy is adopted.
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In this methodology, four types of interventions are used in the maintenance programs: inspections,
cleaning operations, minor interventions and total replacement [21,24,34–38]. In inspections, visual
assessment (and non-destructive tests, when necessary) is used to identify the existing anomalies and,
consequently, assess the real degradation condition of the CCPR. This intervention does not include
maintenance works able to enhance the degradation condition of the CCPR. Cleaning operations
include the complete removal of the aesthetical anomalies (debris and contaminants), mitigating
the deterioration of the CCPR without correcting functional and structural existing problems in
the CCPR. On the other hand, minor interventions, in addition to cleaning operations, consider
local repair/replacement of the CCPR, correcting existing problems and preventing their evolution.
The type of maintenance work performed varies according to the existing anomalies. Finally, the total
replacement corresponds to the full renewal of the CCPR, i.e., the total removal of the old CCPR
and transport to landfill and application of a new CCPR. Therefore, based on the inspections’ results,
one option is chosen: (1) condition A, no maintenance works are required or performed, (2) condition
B, a cleaning operation is needed, (3) condition C, a minor intervention is required and, finally,
(4) condition D or E, a total replacement of the CCPR must be carried out, since the end of the service
life was reached.
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Figure 1. Illustrative examples of the degradation condition of the pitched roofs analysed. From top
to bottom: Condition (A)—Sw ≤ 1%; Condition (B)—1% < Sw ≤ 6%; Condition (C)—6% < Sw ≤ 20%;
Condition (D)—20% < Sw ≤ 50%; and none of the elements analysed are in condition E.
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3.2. Deterioration Process

In this methodology, the degradation process allows assessing the behaviour of the cladding
over time in terms of its degradation condition. If the degradation profile without the influence of
maintenance activities is analysed, this will provide an estimation of the service life of the CCPR.
This information is critical to make decisions about maintenance activities (type and frequency) during
the building’s lifetime.

In the maintenance model, the Petri net degradation model is validated through the isomorphism
between Markov chains (MC) and Petri nets (PN) with transition exponentials distributed [39].
This comparison allows the validation of the model proposed in this study, since Markov chains are
widely used to model degradation processes [40–46]. When compared with Markov chains, Petri nets
present several advantages: (1) the graphical representation can be used to describe the problem under
analysis in an intuitive manner, (2) it is more flexible and has more capabilities than the Markov chains,
allowing the incorporation of more rules in the model to accurately simulate complex situations and
keeping the model size within manageable limits and (3) this modelling technique is not restricted to
the exponential distribution to simulate the time.

In this study, three probability distributions are analysed: exponential, Weibull and lognormal.
This choice is based on the literature on reliability analyses [47], since these are the distributions most
used. The agreement of the distributions to the historical data is assessed through the log-likelihood
value. This parameter allows assessing the approximation of the values predicted by the numerical
model to the real observations [48]. Thus, the distribution that presents a better adjustment to the
fieldwork data is the one that has the lowest log-likelihood value. Equation (2) is used to compute he
log-likelihood value.

log L =
n∑

i=1

k∑
j=1

log pi j, (2)

where pij is the probability of transition from degradation condition i to j, being i the degradation
condition in the initial instant and j in the final instant, n the historical database size and k the number
of intervals between inspections. In this methodology, Monte Carlo simulation is used to compute the
probability of transition, pij.

3.3. Life Cycle Cost Analysis

In this methodology, the life cycle cost (LCC) is implemented to assess the economic impact.
Equation (3) is used to estimate the LCC of the different maintenance strategies. The LCC allows
the estimation of the cost at the time of reference of the analysis (not necessarily the present time) to
perform the interventions in a future date [35,36].

LCC =

th∑
t=0

Cinspection,t +

th∑
t=0

Cmaintenance,t, (3)

where
∑

Cinspection,t is the accumulate costs associated with inspection over the time horizon,∑
Cmaintenance,t the accumulate costs associated with maintenance activities, th the time horizon of

the analysis and t the year of the intervention’s occurrence. Equations (4) and (5) are used to compute
the present values of the inspection and maintenance activities [49].

th∑
t=0

Cinspection,t =

th∑
t=0

Cinspection

(1 + υ/100)t , (4)

th∑
t=0

Cmaintenance,t =

th∑
t=0

Cmaintenance

(1 + υ/100)t , (5)
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where Cinspection,t and Cmaintenance,t are the present values of the inspection and the maintenance cost
at the time of reference, respectively, Cinspection and Cmaintenance the inspection and maintenance cost at
time t, respectively, and υ, the real discount rate. Assuming a private sector environment, in this study,
a 6% real discount rate is used [50]. Furthermore, the construction costs are not considered, since it is
considered that the same type of CCPR is applied in all maintenance strategies analysed.

3.4. Efficiency Index and Performance Indicator

Lastly, to compare the efficiency of the different maintenance strategies, a performance indicator,
PI, is used [38]. The performance indicator, PI, is given by Equation (6) and allows relating the mean
sojourn time in the more favourable degradation conditions and the operation costs.

PI =
EI

Cannualised
, (6)

where EI is the efficiency index and Cannualised the annualised operation cost of the maintenance strategy
under analysis. The PI value ranges from 0 to +∞, and the higher the value, the more beneficial the
cost/benefit ratio of the maintenance strategy is.

The EI, given by Equation (7), allows measuring the ability of the maintenance strategies to
maintain the CCPR in the more favourable degradation conditions.

EI =

∫ th
0 Sw(t) dt

100·th
, (7)

where
∫

Sw(t) dt is the area underneath the degradation profile (which represents the loss of performance
of the CCPR over time), and 100·th is the area underneath the degradation profile when there is no
degradation (utopian situation). This parameter varies from 0 (severity of degradation is always 100%
or condition E) to 1 (severity of degradation is always 0% or condition A). Finally, the annualised cost
is computed through Equation (8).

Cannualised =
LCC

th
, (8)

where LCC is the life cycle cost of the maintenance strategy computed by Equation (3) and th the time
horizon of the analysis (equal for all maintenance strategies considered).

4. Case Study: Ceramic Claddings in Pitched Roofs (CCPR)

The methodology described above is implemented to the CCPR. This case study considers
146 claddings located in Portugal. For each CCPR, the degradation condition was evaluated through in
situ visual inspections. In addition, it should be mentioned that, in this study, a 150-year time horizon
is assumed, and, furthermore, it is expected that the CCPR is in condition A in year 0. A large time
horizon is used in order to guarantee a considerable percentage of the Monte Carlo simulation samples
reach the end of the service life, allowing decreasing the uncertainty of the analysis.

4.1. Degradation Process

4.1.1. Probabilistic Analysis

The optimal parameters of the three distribution functions analysed (exponential, Weibull and
lognormal) are presented in Table 2, in terms of mean and standard deviation of the mean sojourn
time in each degradation condition, as well as the respective log-likelihood value, log L. Specifically,
for instance, according to a Weibull distribution, for a CCPR, a transition between condition A to B
takes, on average, 2.8 years, with a standard deviation of 1.2 years; the transition between condition B
to C takes, on average, 2.8 years with a standard deviation of 1.2 years; the transition between condition
B to C takes, on average, 2.8 years with a standard deviation of 1.2 years; the transition between
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condition B to C takes, on average, 4.5 years with a standard deviation of 2.6 years; the transition
between condition C to D takes, on average, 67.9 years with a standard deviation of 31.2 years; and,
finally, the transition between condition D to E takes, on average, 2.8 years with a standard deviation
of 1.2 years and the transition between condition B to C takes, on average, 68.1 years with a standard
deviation of 3.1 years. In addition, Table 3 shows the number of predicted and observed CCPR in each
degradation condition and the relative error associated with each condition.

Table 2. Optimal parameters.

Sojourn Time in Each Degradation Condition Exponential Weibull Lognormal

Mean time–T
(years)

TA 2.7 2.8 2.7
TB 5.1 4.5 4.6
TC 148.2 67.9 91.6
TD 7.19 × 104 68.1 1.87 × 108

Standard
deviation–SD

(years)

SDA 2.7 1.2 1.5
SDB 5.1 2.6 3.4
SDC 148.2 31.2 75.9
SDD 7.19 × 104 3.1 5.33 × 109

- log L 76.61 68.41 70.13

Table 3. Predicted and observed ceramic claddings in pitched roofs (CCPR) in the different degradation
conditions, as well as the respective relative error.

Degradation Condition A B C D E

Observed 13 13 96 24 0

Predicted
Exponential 11.0 14.1 96.8 24.0 0.0

Weibull 12.8 13.1 97.1 23.0 0.0
Lognormal 12.9 12.4 97.8 22.9 0.0

Relative error (%)
Exponential 15.1 8.4 0.9 0.1 -

Weibull 1.5 0.5 1.2 4.2 -
Lognormal 0.8 4.3 1.8 4.6 -

The results reveal that two-parameter distributions (Weibull and lognormal) present a better
agreement with the fieldwork data, since they present the lowest log-likelihood values and mean
relative errors. Nevertheless, between them, the Weibull’s is chosen to model the degradation process
of CCPR, since presents a better adjustment to the fieldwork data and more realistic sojourn times.

4.1.2. Validation

The validation of the degradation process is performed through the comparison of the predicted
and observed CCPR in the different degradation conditions, as well as the relative errors computed by
both models (Markov chains and Petri nets with exponential distributions). These values are shown in
Table 4.

The last column of Table 4 (relationship between the results obtained by the two models) reveals
that the two degradation models are similar, with the higher difference observed for degradation
condition C. Therefore, it is confirmed that there is an isomorphism between both models, and the
Petri nets model is appropriate to assess and describe the degradation of the CCPR.
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Table 4. Predicted and observed CCPR in the different degradation conditions, as well as the
respective relative error obtained by Markov chains (MC) and the Petri net (PN) with transitions
exponentially distributed.

Degradation Condition Observed
Predicted Relative Error

MC PN MC (%) PN (%) MC/PN

A 13 11.4 11.0 12.0 15.1 1.0
B 13 14.5 14.1 11.7 8.4 1.0
C 96 89.8 96.8 6.5 0.9 0.9
D 24 24.7 24.0 2.8 0.1 1.0
E 0 5.6 0.0 - - -

4.1.3. Service Life

Figure 2 illustrates the degradation process of the CCPR without the impact of maintenance
activities. More specifically, Figure 2a presents the degradation profile and Figure 2b the cumulative
distribution functions (CDF) of the five degradation conditions. The CDF reveals: the probability of a
cladding moving from one condition to the next, the expected service life and the mean sojourn time of
the cladding in each degradation condition.
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(b) cumulative distribution functions.

In terms of service life, it is assumed here that degradation condition D signifies the end of the
service life (ESL) [32]. In the model, the probability of 50% between conditions C and D defines the
ESL. This instant is identified in Figure 2b as the ESL. For the CCPR, an average service life (ASL) of
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73 years is obtained. This value is slightly higher than the ones in the literature related to the durability
of this building element [21,32,51–56] but still within the order of magnitude of the values suggested.
Furthermore, it is noted that the sample analysed corresponds to a homogeneous design and execution
characteristics, since the claddings in the database are owned by the Portuguese Air Force, and when
the pitched roofs with ceramic tiles are properly built and maintained, their longevity and durability
can be quite high [57].

Furthermore, Figure 2 also shows that, although the CCPR presented a long service life, the mean
sojourn time in condition A and B (more favourable conditions) is very reduced (approximately 3 years
in condition A and 5 years in condition B), showing that the presence of small anomalies leads the
CCPR to move quickly from the most favourable to the following degradation conditions.

4.2. Maintenance Strategies, Assumptions and Costs

As mentioned above, MS1—only total replacement; MS2—composed of total replacement and
minor intervention and MS3—composed of total replacement, minor intervention and cleaning
operations are the maintenance strategies studied. The maintenance strategies were defined based on
previous works [24,38] and on experts’ judgements.

MS1 is used to characterise the strategy most adopted by the owners/managers of buildings,
where the CCPR are only intervened when the end of the service life is reached, with no maintenance
action during this period [58]. In MS2, a minor intervention is included to delay or mitigate
the degradation process without compromising important features of the building and to prevent
unnecessary interruptions, allowing, in this way, to increase the service life of the CCPR [12]. Finally,
in MS3, the use of cleaning operations represents the main maintenance activity (easiest and most
economical) applied in CCPR [59].

Therefore, based on the methodology described in the previous sections and on the maintenance
strategies defined, in the following points, the costs and the impacts of the different interventions in
CCPR are presented, as well as the frequency of the inspections and the constraints of the numerical
model. Lusa or Portuguese roof tiles are considered as the case study.

4.2.1. Costs of the Interventions

Table 5 presents the unit costs of the different interventions assumed in this study. The costs were
adapted from the literature [60].

Table 5. Unit costs of the interventions.

Interventions Application Zone Cost (Year 0) [€/m2]

Inspections All 1.03

Cleaning operations
Minor

B
12.45

Moderate 14.00
Extensive 15.77

Minor interventions
Minor

C
20.80

Moderate 24.14
Extensive 27.10

Total replacement D, E 59.12

As mentioned above, for inspections, it is assumed that this intervention does not have any
impact on the degradation of the CCPR. The purpose is to assess and identify the anomalies of the
CCPR through visual assessment. In the composition of the cost, the labour cost of two inspectors
(including travel expenses up to 25 km) and the production of a technical report are considered.

Cleaning operations intend to remove the aesthetic anomalies and are carried out when the CCPR
reaches degradation condition B. Three levels of cleaning operations are defined in order to consider
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the different cleaning needs of the CCPR. Considering the degradation condition classification adopted
(Table 1), the following is assumed:

• Minor level: the total area CCPR mainly affected by surface soiling, and accumulation of the debris
(anomaly AE-E1) is cleaned. This action includes personal protective equipment (protection fall)
installation and low-pressure water jet cleaning.

• Moderate level: the total area CCPR mainly affected by surface dirt, accumulation of debris and
biological colonisation (anomaly AE-E1) is cleaned. This action includes personal protective
equipment (protection fall) installation, low-pressure water jet cleaning and use of biocides to
eliminate biological microorganisms.

• Extensive level: the total area CCPR extensively affected by surface dirt, accumulation of debris,
biological colonisation and parasitic vegetation (anomaly AE-E1) is cleaned. This action includes
personal protective equipment (protection fall) installation, low-pressure water jet cleaning, the use
of biocides to eliminate biological microorganisms and the use of herbicides and manual removal
of parasitic vegetation.

Minor intervention is carried out when the degradation condition C is achieved and includes a
cleaning operation and the local repair and/or replacement of the cladding. For the minor intervention,
three intervention levels are also defined. The difference between them varies in terms of the percentage
of area affected by the anomalies and the maintenance works used. In the minor level, one-half of the
% area affected (maximum value) by the anomalies is considered in degradation condition C of the
classification system adopted, in the moderate level, it is assumed that three-quarters of the % area
affected (maximum value) by the anomalies is in degradation condition C of the classification system
adopted and, finally, in the extensive level, the whole area affected by the anomalies is considered in
degradation condition C of the classification system adopted. Therefore, considering the degradation
condition classification adopted (Table 1), the following is assumed:

• Minor level: cleaning operation of moderate level: repair and/or replacement up to 15% of the
cladding affected by peeling/flaking/exfoliation (anomaly AE-F1), replacement up to 5% of the
cladding affected by cracking/fracture (anomaly AE-F2), repair up to 5% of the cladding affected
by detachment/cladding release (anomaly AE-F3) and repair up to 13% of the cladding affected
by misalignment of the cladding (anomaly AE-S2), including replacement of the rafters/framing
(tiles supporting system) in a suitable area (when necessary).

• Moderate level: cleaning operation of moderate level: repair and/or replacement up to 23% of the
cladding affected by peeling/flaking/exfoliation (anomaly AE-F1), replacement up to 8% of the
cladding affected by cracking/fracture (anomaly AE-F2), repair or replacement up to 5% of the
cladding affected by detachment/cladding release (anomaly AE-F3) and repair up to 19% of the
cladding affected by misalignment of the cladding (anomaly AE-S2), including replacement of the
rafters/framing in a suitable area (when necessary).

• Extensive level: cleaning operation of moderate level: repair and/or replacement up to 30% of
the cladding affected by peeling/flaking/exfoliation (anomaly AE-F1), replacement up to 10%
of the cladding affected by cracking/fracture (anomaly AE-F2), replacement up to 5% of the
cladding affected by detachment/cladding release (anomaly AE-F3) and repair up to 25% of the
cladding affected by misalignment of the cladding (anomaly AE-S2), including replacement of the
rafters/framing in a suitable area (when necessary).

Regarding minor interventions, anomaly AE-S1 (pronounced cladding deformation) is not
considered, since, for its resolution, it would be necessary to intervene in the structure of the roof,
which is outside the scope of the maintenance of the CCPR.

Finally, total replacement of the pitched roofs’ ceramic cladding is applied when the degradation
condition D or higher is achieved. This intervention includes the personal protective equipment
(protection from falls) installation, the demolition of the old cladding, the application of the new
cladding and transport to landfill of construction waste generated.
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4.2.2. Impacts of the Interventions

The impacts that the different interventions have in the CCPR are shown in Table 6. These
parameters are computed through the assumptions expounded in Section 4.2.1 and the methodology
described in Ferreira et al. [61]. For instance, a minor intervention of moderate level has a cost of
24.14 €/m2 (Table 5). This action is applied for a cladding in condition C, allowing improving, with a
probability of 70.8%; the cladding’s condition to condition A, with a probability of 24.0%, and to
condition B, with a probability of 5.2%, causes no significant improvement (i.e., maintains condition C).

Table 6. Impacts of the interventions.

Interventions Application Zone

Impact of the Interventions
(Probability of Transition to Conditions

A (PA), B (PB) or C (PC))

PA (%) PB (%) PC (%)

Inspections All - - -

Cleaning
operations

Minor
B 61.5 38.5 -Moderate

Extensive

Minor
interventions

Minor
C

69.8 25.0 5.2
Moderate 70.8 24.0 5.2
Extensive 70.8 24.0 5.2

Total replacement D, E 100 - -

For cleaning operations, the impact of the three levels is the same, since the difference between
them concerns only the type of products used, and, for minor interventions, the impact of the three
levels is similar, because the claddings part of the database in degradation condition C represents a
reduced percentage of area with anomalies AE-F1, AE-F2, AE-F3 and AE-S2 (Table 1). In this way,
in what follows, only the moderate intervention level is considered.

4.2.3. Inspection Frequency

In terms of inspection frequency, the interval adopted between inspections varies from six months
to two -years, with a mode of one year. These values are defined through a literature review [21,23].
The inspection frequency is modelled in a deterministic manner. In a first approach, the value of
one year is considered, and, posteriorly, the maximum and minimum values are used to perform
a sensitivity analysis about how the inspection frequency influences the performance of the CCPR
(Section 4.4).

4.2.4. Constraints

The proposed model presents the following constraints: (1) after two consecutive cleaning
operations, this action is no longer efficient, and therefore, a minor intervention or total replacement
should be performed, and (2) after two minor interventions, this action is no longer efficient, and a
total replacement is required.

4.3. Maintenance Strategies Comparison

The degradation profiles obtained for the three maintenance strategies considered and for the
situation without maintenance are compared in Figure 3.

The results reveal that considering preventive maintenance activities (such as cleaning operations
and minor interventions) leads to an improvement of the performance (in terms of degradation) of the
pitched roofs’ ceramic claddings. As the maintenance strategies become more complex (MS1, MS2
and, finally, MS3), the moment in which the worst mean severity of degradation, Sw, is reached,
occurring later in the time horizon and the impact on the mean severity of degradation, Sw, over time
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is greater. In other words, MS3 is the one that presents a better mean severity of degradation, Sw,
over time. However, if the operations costs associated with the three maintenance strategies are
analysed (Figure 4), EM3 is the alternative with the highest maintenance costs, while MS1 is with the
lowest maintenance costs. For example, at year 150, MS3 presents a life cycle cost of 74.14 €/m2 (23% of
the cost is spent in inspections), while, for MS1, a life cycle cost of 19.78 €/m2 is estimated (87% of the
cost is spent in inspections). These results are expected, since a number of interventions have a directed
relationship with the maintenance costs (Figure 5), since the increase of the number of interventions
implies the increase of the maintenance costs.
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Figure 4. Cumulative costs (inspection, maintenance and total) profiles of the three
maintenance strategies.
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Figure 5. Average number of interventions performed during the time horizon.

By analysing the instant when the first full renewal of the CCPR (i.e., total replacement) is carried
out, the results shows that more complex maintenance strategies increase the service life of CCPR. It is
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assumed that the ESL is achieved when the first full renewal of the CCPR is carried out. In the model,
the probability of total replacement equal to 50% defines the ESL. For instance, Figure 6a presents the
cumulative distribution functions of the total replacement computed for the different maintenance
strategies analysed. An ESL of 73 years is estimated for MS1. For MS2, this value increases to 87 years,
and for MS3, it increases to 101 years. For the situation without maintenance (Section 4.1.3) and MS1,
the ESL is equal. Since MS1 only considers a total replacement, the behaviour of both degradation
profiles is equal until the degradation condition D is achieved for the first time. Therefore, in the
situation without maintenance, the cladding continues to degrade until degradation condition E is
reached (or Sw = 100%), while, in MS1, a total replacement of the cladding is carried out when the
cladding achieves condition D, which allows improving the cladding to degradation condition A
(or Sw = 0%). Instead, an analysis of the instant in which the first minor intervention occurs is analysed,
revealing that cleaning operations postpone its need. For example, for MS2 and MS3, the minor
interventions’ cumulative distribution functions are compared in Figure 6b. Considering MS2, at year
12, the cladding that has a probability of 90% has already been intervened at least once. For MS3,
this probability is delayed to year 17. However, if the analysis is expanded to the instant of the second
minor intervention, in year 21, for MS2, the cladding presents a probability of 90% that has already
been intervened at least twice, while, for MS3, this probability is postponed to year 31.
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(b) minor intervention.

The efficiency indexes and the performance indicators are compared in Table 7. As expected,
by comparing with the situation without maintenance, all maintenance strategies improve the
performance (in terms of degradation) of the CCPR. In addition, it is found that MS3 is slightly more
efficient than MS1 or MS2 (higher efficiency index). In this maintenance strategy, the mean sojourn
time in conditions A and B (best conditions) is clearly higher. However, if the performance indicator is
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assessed (relation between the EI and the annualised costs), MS1 is the alternative more advantageous.
Although MS3 is the most efficient, this maintenance strategy is also the most expensive (Figure 4).
Therefore, the performance indicator reveals that the increase in the cost of MS3 is not compensated by
the improvement in the CCPR condition, when compared with MS1 or MS2.

Table 7. Efficiency index and the performance indicator of the three maintenance strategies.

Maintenance Strategy
Without

Maintenance
MS1,

1-Year
MS2, Moderate,

1-Year
MS3, Moderate,

1-Year

Mean time of
permanence

in each
condition

tpA (years) 2.33 7.50 16.36 35.97
tpB (years) 4.53 11.46 28.28 26.55
tpC (years) 67.63 131.04 105.35 87.48
tpD (years) 58.73 0.00 0.00 0.00
tpE (years) 16.78 0.00 0.00 0.00

EI (-) 0.69 0.88 0.90 0.92
Cannualised (€/m2) - 0.13 0.30 0.49

PI (m2/€) - 6.70 3.02 1.86

4.4. Inspection Frequency Sensitivity Analysis

To assess the influence of the inspection frequency on the degradation and maintenance costs of
pitched roofs’ ceramic claddings, three-time intervals between inspections are analysed, considering
the use of MS2 with a moderate intervention level. The time intervals considered are six months and
one and two years. For the three inspection frequencies, the degradation profiles are presented in
Figure 7, and the cumulative costs profiles are shown in Figure 8.Infrastructures 2020, 5, x FOR PEER REVIEW 15 of 21 
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Figure 8. Cumulative cost (inspection, maintenance and total) profiles of the three inspection frequencies.

Figure 7 shows small differences in the degradation profiles. Over the time horizon, the behaviour
and severity of the degradation values of the three degradation profiles are similar. However, Figure 8
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reveals an increase of the maintenance costs for the time interval between inspections of six months,
a consequence of the increase of the frequency of visual inspections carried out on pitched roofs’
ceramic claddings. At year 150, a six-month inspection frequency presents a life cycle cost of 63.14 €/m2

(55% of the cost is spent in inspections) while, for a two-year inspection frequency, a life cycle cost of
34.75 €/m2 is obtained (24% of the cost is spent in inspections).

In addition, for the three inspection frequencies, if the first total replacements’ cumulative
distribution functions are compared (Figure 9), the results for the service life are also similar. For the
six-month and one-year intervals, the probability of interventions being carried out earlier is slightly
higher. This happens because inspections are performed more frequently, so there is a higher probability
that the interventions will be carried out earlier. For these two intervals (six months and one year),
an ESL of 87 years is the estimated while, for the time interval between the inspection of two years,
the ESL increases to 89 years.

Infrastructures 2020, 5, x FOR PEER REVIEW 15 of 21 

 
Figure 7. Degradation profiles of the three inspection frequencies. 

 
Figure 8. Cumulative cost (inspection, maintenance and total) profiles of the three inspection 
frequencies. 

In addition, for the three inspection frequencies, if the first total replacements’ cumulative 
distribution functions are compared (Figure 9), the results for the service life are also similar. For the 
six-month and one-year intervals, the probability of interventions being carried out earlier is slightly 
higher. This happens because inspections are performed more frequently, so there is a higher 
probability that the interventions will be carried out earlier. For these two intervals (six months and 
one year), an ESL of 87 years is the estimated while, for the time interval between the inspection of 
two years, the ESL increases to 89 years. 

 
Figure 9. Cumulative distribution functions associated with the total replacement for the three 
inspection frequencies. 

Finally, the efficiency indexes and the performance indicators for the three inspection 
frequencies are compared in Table 8. The results show that there are benefits in increasing the 
inspection frequencies in pitched roofs’ ceramic claddings, since a longer period does not 
compromise the claddings’ degradation conditions. 

Se
ve

rit
y 

of
 d

eg
ra

da
tio

n,
 S

w
 (%

)

C
os

ts
 (€

/m
2 )

Pr
ob

ab
ilit

y

Figure 9. Cumulative distribution functions associated with the total replacement for the three
inspection frequencies.

Finally, the efficiency indexes and the performance indicators for the three inspection frequencies
are compared in Table 8. The results show that there are benefits in increasing the inspection frequencies
in pitched roofs’ ceramic claddings, since a longer period does not compromise the claddings’
degradation conditions.

Table 8. Efficiency index and the performance indicator for the three inspection frequencies.

Maintenance Strategy MS2, Moderate,
0.5-Years

MS2, Moderate,
1-Year

MS2, Moderate,
2-Years

tpA (years) 15.47 16.36 16.10
tpB (years) 28.32 28.28 27.93
tpC (years) 106.21 105.35 105.39
tpD (years) 0.00 0.00 0.59
tpE (years) 0.00 0.00 0.00

EI (-) 0.90 0.90 0.90
Cannualised (€/m2) 0.42 0.30 0.23

PI (m2/€) 2.14 3.02 3.89

5. Multi-Criteria Analysis

The decision about the type of maintenance strategy to be implemented in one element can only
be made by the owners/managers of the buildings. This decision process is rather subjective [62],
since different decision-makers assign different weights to different criteria. However, the best choice
is the one that considers all parameters available, such as: budget limitations, aesthetic appearance,
desired condition level, local constraints and the social and economic contexts of the building, among
other criteria.
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A multi-criteria decision analysis (MCDA) can be used to manage all the information available,
in a logical way, and aid decision-makers to identify a single option to select a short list of options for
future detailed appraisals or to differentiate between acceptable and unacceptable possibilities [63].
An additive aggregation approach with compensatory rationality is implemented in this study. In this
methodology, Equation (9) is used to rank the different options [64].

Xi =
m∑

j=1

λ j·xi j, with
m∑

j=1

λ j = 1 (or 100%), (9)

where Xi is the global ranking of the option i, λj the weight of criterion j and xij the standardised
classification of option i, according to criterion j. Since the different criterion studied have different
scales, a standardisation by interval is implemented in this study, using Equation (10) for an increased
order of preference and Equation (11) for a decreased order of preference [47].

xi j =
Xi j −minXi j

maxXi j −minXi j
, (10)

xi j =
maxXi j −Xi j

maxXi j −minXi j
, (11)

where Xij is the classification of option i according to criterion j, and min Xij and max Xij are, respectively,
the minimum and maximum value of criterion j.

The results presented in Sections 4.3 and 4.4 allow concluding that considering more complex
maintenance strategies (for example, considering minor interventions and/or cleaning operations)
increases the performance of the pitched roofs’ ceramic cladding’s degradation, promoting the durability
of these claddings; however, these maintenance strategies lead to higher life cycle costs. For example,
as the maintenance strategies become more complex (MS1, MS2 and, finally, MS3), the greater is
the impact on the mean severity of the degradation (Figure 3) and the service lives of the claddings
(Figure 6a) are. However, more complex maintenance strategies lead to higher maintenance costs
(Figure 4), since a higher number of interventions are performed (Figure 5), consequently leading to
a worse balance between the operation cost and efficiency. That is to say, although more complex
maintenance strategies are more efficient, they are also more expensive, showing that, when compared
with simpler maintenance strategies, the increase in the operation costs is not compensated by an
improvement in the condition of the claddings over their lifetime (Table 7). Regarding the inspection
frequency (Table 8), there are benefits in increasing the time interval between inspections in relation
to the most common value (one year), since a longer period does not compromise the degradation
condition of the CCPR and decreases the maintenance costs.

If, for the owners/managers, the choice of the best maintenance strategy is taken solely from
the perspective of the life cycle costs (LCC), the best alternative is the solution with the lowest LCC.
In these terms, the MS1 corresponds to the best alternative, while MS3 (a more complex maintenance
strategy) represents the worst option. However, when all criteria are considered, other conclusions can
be drawn. Therefore, in this study, the different maintenance strategies (options) are globally ranked
in terms of durability (service life), performance (efficiency index) and maintenance costs. For that
purpose, four scenarios are analysed, considering three criteria: (1) efficiency index, (2) maintenance
costs including in the inspection costs and (3) the number of total replacements during the time
horizon. The results obtained are presented in Tables 9–12, and it should be noted that all solutions
considered in this study are technically valid. In these tables, in columns two to four, the three criteria
are standardised according to Equations (10) and (11); in column five, the maintenance strategies
considered are rated according to Equation (9) and, in column six, the rate of the maintenance strategies
is standardised according to Equations (10) and (11). For instance, according to the results presented in
Table 9 (equal weight for the three criteria), the following observations can be drawn: for criterion
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1 (efficiency index), MS1 presents the worst value over the time horizon, while MS3 shows the best
value, for criterion 2 (maintenance costs), the results reveal that MS1 is the least expensive maintenance
strategy, while MS3 is the most expensive, and, for criterion 3 (number of total replacements), the results
show that MS3 is the maintenance strategy with less total replacements over the time horizon, while MS1
is the one with more total replacements. Consequently, in a global way, the results allow concluding
that for this scenario; MS3 is the best solution, since it is the option with the highest standardised total
rating. The same analysis can be used for the other scenarios.

Table 9. Scenario 1: with equal weights.

Efficiency
Index

(Criterion 1)

Maintenance
Cost

(Criterion 2)

Number of Total
Replacements
(Criterion 3)

Total
Rating

Standardised
Total Rating

MS1, 1-year 0.00 1.00 0.00 1.00 0.00
MS2, Moderate, 1 year 0.54 0.54 0.63 1.70 0.70
MS3, Moderate, 1 year 1.00 0.00 1.00 2.00 1.00

MS2, Moderate, 0.5 years 0.51 0.20 0.59 1.30 0.30
MS2, Moderate, 2 years 0.50 0.72 0.66 1.89 0.89

Weights (%) 33.3 33.3 33.3

Table 10. Scenario 2: the higher weight of the efficiency index.

Efficiency
Index

(Criterion 1)

Maintenance
Cost

(Criterion 2)

Number of Total
Replacements
(Criterion 3)

Total
Rating

Standardised
Total Rating

MS1, 1 year 0.00 1.00 0.00 1.00 0.00
MS2, Moderate, 1 year 0.54 0.54 0.63 2.24 0.62
MS3, Moderate, 1 year 1.00 0.00 1.00 3.00 1.00

MS2, Moderate, 0.5 years 0.51 0.20 0.59 1.82 0.41
MS2, Moderate, 2 years 0.50 0.72 0.66 2.38 0.69

Weights (%) 50 25 25

Table 11. Scenario 3: the higher weight of the maintenance costs.

Efficiency
Index

(Criterion 1)

Maintenance
Cost

(Criterion 2)

Number of Total
Replacements
(Criterion 3)

Total
Rating

Standardised
Total Rating

MS1, 1 year 0.00 1.00 0.00 2.00 0.45
MS2, Moderate, 1 year 0.54 0.54 0.63 2.24 0.66
MS3, Moderate, 1 year 1.00 0.00 1.00 2.00 0.45

MS2, Moderate, 0.5 years 0.51 0.20 0.59 1.50 0.00
MS2, Moderate, 2 years 0.50 0.72 0.66 2.61 1.00

Weights (%) 25 50 25

Table 12. Scenario 4: the higher weight of the number of total replacements.

Efficiency
Index

(Criterion 1)

Maintenance
Cost

(Criterion 2)

Number of Total
Replacements
(Criterion 3)

Total
Rating

Standardised
Total Rating

MS1, 1 year 0.00 1.00 0.00 1.00 0.00
MS2, Moderate, 1 year 0.54 0.54 0.63 2.33 0.66
MS3, Moderate, 1 year 1.00 0.00 1.00 3.00 1.00

MS2, Moderate, 0.5 years 0.51 0.20 0.59 1.89 0.44
MS2, Moderate, 2 years 0.50 0.72 0.66 2.55 0.77

Weights (%) 25 25 50

When a MCDA is adopted, the MS1 is no longer the most beneficial maintenance strategy. In fact,
for three of the four scenarios (1, 2 and 4), MS1 is ranked as the least advantageous strategy, while MS3
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is defined as the most advantageous strategy. These results are expected, since MS1 has a higher
number of total replacements during the time horizon, which causes a greater inconvenience to users
in terms of normal use of the building and has a higher environmental impact, which is not considered
in this cost analysis. In addition, MS1 has also the lowest efficiency index, not contributing to improve
the quality and aesthetic perception of the cities and increasing the risks to the users. Furthermore,
if a higher emphasis is given to the maintenance costs (Table 11), MS1 does not represent the most
advantageous strategy. In this scenario, MS2 with an inspection frequency of two years is defined
as the most beneficial strategy, while MS2 with an inspection frequency of six months is the least
beneficial strategy.

Based on these results, in an overall analysis, consideration of the maintenance activities
(minor interventions and cleaning operations) is preferable. From these four scenarios, MS3 (the most
advantageous strategy) only loses to MS2 with an inspection frequency of two years if a higher
emphasis is given to maintenance costs. On the other hand, the results show, in general, that MS1 is
the least advantageous alternative.

Finally, the multi-criteria analysis is a tool to aid decision-makers to make more rational and
informed decisions based on objective criteria. Nevertheless, the subjective criteria that always
influences the decision-making process, such as the decision-makers’ backgrounds and perceptions,
are practically impossible to model. Therefore, this type of criteria is beyond the scope of this study.
Nevertheless, in future analyses, other criteria and scenarios can be evaluated depending on the
decision-maker’s requests.

6. Conclusions

In this study, a life cycle condition-maintenance model, based on a Petri net framework, was applied
to analyse the influence of alternative maintenance strategies over time and to promote the durability
of pitched roofs’ ceramic claddings in a cost-effective way. For that purpose, MS1 (composed only of a
total replacement); MS2 (composed of a total replacement and minor intervention) and MS3 (composed
of a total replacement, minor intervention and cleaning operations) were analysed. At the end, a MCDA
was performed to assess the performance of the different maintenance strategies, considering the
economic impact and the durability.

The results show that the consideration of complex maintenance activities increases the service life
of the pitched roofs’ ceramic claddings. By comparing with MS1, MS2 increases the predicted service
life of the claddings by 19% (14 years), while MS3 leads to an increase of 38% (28 years). Furthermore,
the results show that more detailed and intrusive maintenance strategies are slightly more efficient.
However, in terms of costs, the opposite is observed: the increase in the number of actions has a greater
impact on the operation costs of the maintenance strategies. Regarding the inspection frequency,
there are benefits in increasing the time interval between inspections in relation to the most common
value (one year), since a longer period does not compromise the degradation condition of the CCPR
and decreases the maintenance costs.

In the MCDA, the different maintenance strategies (options) are globally ranked in terms of
durability (service life), performance (efficiency index) and maintenance costs. The results show that,
in three of the four scenarios analysed (1, 2 and 4), MS3 is ranked as the most advantageous maintenance
strategy, while MS1 is defined as the least beneficial strategy. The best option is MS2 with an inspection
frequency of two years only if a higher emphasis is given to maintenance costs (scenario 3). Therefore,
these results demonstrate that, if a greater importance is given to a cladding’s durability and aesthetical
appearance, more complex maintenance strategies are clearly the best options. For example, if the
choice of the best maintenance strategy is taken solely from the perspective of life cycle costs (LCC),
the best alternative is the solution with the lowest LCC, revealing that MS1 corresponds to the best
alternative, while MS3 (more detailed and intrusive maintenance strategy) represents the worst option.
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