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ABSTRACT

Maintenance decision-making involves a series of multiple objectives, some of them contradictory.
Usually, stakeholders intend to find the optimal maintenance strategy, to minimize the economic bur-
den, while simultaneously maximizing the buildings’ performance. In this study, a condition-based
maintenance model, based on Petri nets, is proposed to evaluate the consequences of alternative
maintenance strategies to maintain and improve the performance of ceramic claddings. This mainten-
ance model is a full life-cycle model that integrates the stochastic assessment of the degradation con-
dition of the claddings, and also inspections, maintenance and renewal processes. Three maintenance
strategies are considered: (i) major intervention only; (i) combination of minor and major interven-
tions; and (iii) combination of cleaning operations, minor and major interventions. The uncertainties
associated with the degradation process, as well as with the definition of the effects of maintenance
actions are considered by modelling the transitions times in Petri nets as random variables.
Considering the complexity of Petri nets, the statistical descriptors of the performance of the assets
(e.g., mean condition, probability of applying maintenance) were computed using Monte Carlo simula-
tion. The impact of the different maintenance strategies in the claddings’ service life is discussed, com-
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paring the different alternatives also from an economic point of view.

1. Introduction

In the last decades, concern related with effective maintenance
of constructed facilities has increased. This trend is mainly
due to: i) the growing complexity of buildings; ii) a greater
awareness of the influence of maintenance activities on the
buildings’ life-cycle costs, which is strengthened in the light of
the limited budget commonly allocated for these activities; iii)
a substantial increase in the users’ performance requirements;
and iv) the acknowledge that the building’s performance is
highly dependent on its maintenance (Shohet, 2006).

Recently, a significant effort has been invested on the
development of decision-aiding tools for maintenance plan-
ning of buildings. These tools provide quantitative means to
predict the service life of building components at different
levels of performance, and to evaluate the impact of main-
tenance strategies adopted by owners of large facilities
stocks (Shohet, Puterman, & Gilboa, 2002). The users’ per-
ceptions and requirements, as well as the available budget
for maintenance actions, strongly influence the implementa-
tion of maintenance policies (Flores-Colen & de Brito, 2010;
Lowry, 2002). For instance, hotels and hospitals demand
that most of the building components and systems perform
at the highest level. On the other hand, owners of residential
buildings may be satisfied with keeping their facility at an
‘acceptable’ level of service, in order to minimize the main-
tenance costs. These different demands call for a flexible

tool that will make possible an effective evaluation of the
service life of building components based on their actual
condition, according to different desired performance levels
(Shohet et al., 2002).

In this sense, stakeholders urgently need flexible and
accurate tools for cost-effectively allocate limited budgets for
the maintenance of aging and degraded buildings and com-
ponents, in order to optimize not only the buildings’ per-
formance but also the whole-life maintenance costs
(Frangopol & Liu, 2007). These tools should be based on
the diagnosis of in-service performance, thus recommending
different actions according to a given condition state during
the buildings’ service life (Flores-Colen, de Brito, & Freitas,
2009). Sherwin (2000) refers that, whereas the mathematical
models for maintenance management are not able to ensure
optimality, without them the decisions related with the
adoption of maintenance activities would almost certainly
be worse. These mathematical models should encompass the
uncertainty related with the degradation mechanisms under
no maintenance and under different maintenance activities
(Frangopol & Liu, 2007).

The main objective of this work is the development and
implementation of a life-cycle model for ceramic claddings,
considering preventive and reactive maintenance actions.
The proposed model will be implemented using a stochastic
Petri net framework. The case study selected was composed
of 195 ceramic claddings, located in Lisbon, Portugal, as
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Table 1. Literature review of research works that apply Petri nets to the assessment of the deterioration and maintenance processes.

Reference

Application/objectives/domain

Yang and Liu (1998)
cooling systems.
Simeu-Abazi and Sassine (1999)

Hybrid Petri net arrangement is proposed to analyse early failure detection and isolation of heating and

A modular modelling approach, based on a cellular decomposition of the system using stochastic Petri nets and

Markov chains, is adopted to evaluate various maintenance strategies in manufacturing systems.

Lei et al. (2010)

A modularized simulation package for manufacturing production system is developed using standard stochastic

timed Petri nets. A maintenance decision support tool is developed to provide offline and online maintenance
decision support for production lines.

Zille et al. (2011)

A modelling approach based on Petri nets is presented to assess the performance of multicomponent systems

maintained by complex maintenance strategies. A global framework is built to describe the evolution of the
system, the way its components can degrade and fail, and the effects of different maintenance actions.

Andrews (2013)

A Petri net formulation using Monte Carlo simulation is used to evaluate the impact of different maintenance

strategies on railway track geometry and condition of the ballast.

Le and Andrews (2016a)

Petri nets are used to model the deterioration of individual components of bridges. The bridge model is formed

from sub-models of each of its components and takes into consideration the component deterioration process,
the interaction and dependency between different component deterioration processes, along with the inspection

and maintenance processes.
Le and Andrews (2016b)

Petri nets are used to develop a lifecycle asset model for offshore wind turbine reliability accounting for the

degradation, inspection and maintenance processes, to predict their future condition and investigate the effect

of a maintenance strategy.
Leigh and Dunnett (2016)

Petri nets are used to simulate the effect of weather conditions and periodic, conditional and corrective

maintenance actions on the performance wind turbines.

Eisenberger and Fink (2017)

Abridged Petri nets are used to model the maintenance strategy of railway rolling stock components and

demonstrate how their specific requirements and boundary conditions can be implemented to enable a suitable
and easy to use decision support tool.

Yianni et al. (2017)

Petri nets are employed to model lifecycle performance of bridge components by combining deterioration,

inspection and maintenance models. The resulting model consists in different modules each with its own source
of data, calibration methodology and functionality.

Zhang et al. (2017)
Ferreira, Neves, Silva, &
de Brito (2018)
of these coatings.
Kilsby et al. (2019)

Petri nets are used to model rail degradation and maintenance and, thus, identify optimal maintenance strategies.
Stochastic Petri nets are used to model and predict the life-cycle performance of building facades. The model
evaluates the performance of rendered facades over time, evaluating the uncertainty of the future performance

Proposes a probabilistic asset management and life cycle cost analysis framework for railway overhead line

equipment using a stochastically timed high-level Petri nets. The method is based on a whole-system model,
where the relationships between the individual components of the system are considered in terms of their
degradation, failure, inspection and maintenance processes.

Ferreira et al. (2019)

A stochastic Petri net formalism is proposed to predict the degradation of ceramic claddings over time in order to

understand how different environmental exposure conditions contribute to the overall degradation of

these claddings.

detailed data on the deterioration of these elements were
available. The sample was established based on the diagnosis
of the degradation condition of these claddings in-service
performance, through in situ visual inspections. The model
developed is, nevertheless, very general and can be applied
to a range of building components, including natural stone
claddings, wall renderings, painted walls, among others.
Petri nets have been successfully applied to model
dynamic systems in several areas due to their flexibility and
high accuracy in modelling complex phenomena, including
robotics (Al-Ahmari, 2016), optimization of manufacturing
systems (Chen, Li, & Barkaoui, 2014; Uzam, Gelen, & Saleh,
2016), business process management (van der Aalst, 2002),
and human computer interaction (Tang, Guo, Dong, Li, &
Guan, 2008). Table 1 summarizes various research works
using Petri nets to model maintenance and life-cycle
approaches. The application of Petri nets to the assessment
of the deterioration and maintenance processes in the civil
engineering infrastructures is a recent research field as most
previous works focus on industrial systems and/or mechan-
ical components. In relation to building asset modelling, the
implementation of Petri nets to model deterioration and
maintenance is a very recent and innovative area.
Nevertheless, there are several works (Cheng, Li, Wang,
Skitmore, & Forsythe, 2013; Li, 1998; Molinero & Nunez,
2011; Rinke et al, 2017) that use Petri nets to manage

resources, to estimate equipment availability and scheduling
of tasks on the site-work during the building design pro-
cess. Petri nets can be seen as a generalization of Markov
chains, overcoming some of the latter’s limitations by: i)
allowing the transition time between states to be modelled
using distributions other than the exponential distribution;
ii) providing a graphical depiction of all processes consid-
ered in the life-cycle model, allowing a better communica-
tion of the principles, limitations and results to all
stakeholders; and iii) allowing the development of signifi-
cantly more complex models, which can comprise a range
of features including modelling of inspections, maintenance
and deteriorations.

The maintenance model described can be considered a
full life-cycle model that includes not only the deterioration
process but also the inspections, maintenance and renewal
options. The transition times between different deterioration
levels and the inspection times are sampled from appropri-
ate probability distributions that are defined based on the
literature and experts’ opinion. In this study, the uncertain-
ties associated with the degradation process are treated in
Petri net model using Monte Carlo simulation.

The proposed model allows predicting: i) future condi-
tion profiles, considering different maintenance strategies; ii)
the number of interventions performed in the ceramic clad-
dings over the simulated lifetime; iii) intervention timings;



Figure 1. Example of a Petri net: (a) before; and (b) after firing of
the transition.

and, iv) the cumulative cost profile of the different mainten-
ance strategies, considering the annual discount rate.

In the methodology used to evaluate the performance of
ceramic claddings, three maintenance strategies are consid-
ered: (i) major intervention only, which considers the clad-
dings’ replacement; (ii) combination of minor and major
interventions; and (iii) combination of cleaning operations,
minor and major interventions. The first maintenance strat-
egy represents the most common solution adopted by the
buildings’ owners. The other two strategies 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. The results show that
the model is a useful tool to aid the maintenance decision-
making process by allowing the identification of the most
appropriate strategy, considering the claddings’ performance
and the overall maintenance costs.

2. Petri nets

The original concept of Petri nets was introduced by Carl
A. Petri (Petri, 1962). A Petri net is defined as a bipartite
weighted directed graph with an initial state called initial
marking, M, (Murata, 1989; Peterson, 1977; Schneeweiss,
2004). Pictorially, it is composed by four main elements:
places; transitions; arcs; and tokens.

Places and transitions are nodes of the network. Places
represent a specific state or condition of the system whereas
transitions are used to represent the triggering of events or
actions. Connections between nodes are made by weighted
directed arcs. An arc can only connect a place with a transi-
tion or vice-versa and is labelled with a weight (positive
integer number), where a k-weighted arc can be understood
as a set of k parallel arcs (for simplicity’s sake, when the arc
weight is equal to 1, the label of the arc is usually omitted).
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Tokens are stored in places and the distribution of the
tokens on the places represents the current state of the sys-
tem, and are called the marking of the network, M.

The Petri net methodology described in this study is an
extension of the original concept. The extensions corres-
pond to properties that have been added, in order to
enhance the original concept of PN, thereby enabling a
greater number of applications to be treated (David & Alla,
2010), allowing making the methodology more concise and
efficient (Le & Andrews, 2016a). All extensions implemented
in this work are discussed below.

Figure 1 illustrates a simple Petri net. The net is com-
posed of four places and two transitions. Both transitions
have two input places (p1, p2) and one output place (p3).
The arcs that connect the input places to the transition and
the transition to the output places represent the pre- and
post-conditions of the transition, respectively. The arc con-
necting place p, to transition t, is denoted by an inhibitor
arc and allows prioritizing the firing of transitions
(Baskocagil & Kurtulan, 2011; Peterson, 1977). This arc
indicates that place ps is an inhibitor place and, when
marked, transition t, is forbidden from firing.

Transitions together with the tokens are responsible for the
evolving of the system, from one state to another. The dynamic
behaviour of the system is modelled through the transition (fir-
ing) rule (Murata, 1989). For the firing process to happen, tran-
sition must be enabled. This requires that each input place is
marked with at least a number of tokens equal to the arc weight.
In the example presented in Figure 1(a), both transitions are
enabled. However, the presence of a token in place p, inhibits
the firing of transition f,. After transition t,’s firing, Figure
1(b), the marking of the net has changed, and none of the tran-
sitions is therewith enabled. The inhibitor arc solves the poten-
tial conflict between transitions #; and t,. As shown in Figure
1(a), when both places p; and p, are occupied, both transitions
can be fired. The marking of place p4, inhibits the transition t,,
and thus gives priority to transition #.

In the original concept of Petri nets, transitions are asso-
ciated with a firing rate equal to zero, i.e. immediate transi-
tions (Marsan, Conte, & Balbo, 1984; Murata, 1989).
However, to produce a more resourceful model, new types
of transitions were added to improve the methodology and
to accommodate the modelling needs. In deterministic tran-
sitions, a constant time delay associated with the transition
is established. This type of transitions allows modelling dis-
crete processes and changing the qualitative behaviour of
the model with respect to the untimed Petri nets (Marsan &
Chiola, 1986). In stochastic Petri nets, transitions are
defined to be random variables with given statistical distri-
butions. This type of transitions is very useful to model ran-
dom processes, and the firing rate can be defined from
different probabilistic distributions (Dugan, Trivedi, Geist,
& Nicola, 1984, Marsan & Chiola, 1986).

The reset transition has associated a list of places and
number of tokens that each place will contain after the Petri
net is reset. In other words, the reset transition allows defin-
ing a new marking for the network when fired, and thereby
simplifying the model. A reset action can be performed
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using the original concept of PN but would require a large
number of transitions and places to be added to the model,
which would increase its size and complexity, confusing the
engineering process that is being modelled (Andrews, 2013;
Le & Andrews, 2016a).

3. Deterioration of ceramic claddings

Ceramic claddings are considered by users a durable material,
with interesting aesthetic characteristics and relatively resilient
to aggressive environments (CEN, 2012; Plskovd, Chobola, &
Matysik, 2011). However, the maintenance of ceramic clad-
dings is often neglected (Thai-Ker & Chung-Wan, 2006). The
adoption of null or inadequate maintenance practices, in asso-
ciation with the natural degradation of ceramic claddings (due
to the exposure to all types of environmental conditions), as
well as faulty design and execution errors, naturally leads to
the deterioration of these claddings. In some cases, their deteri-
oration is premature, presenting visible defects in the first two
years after construction (Shohet et al., 2002). These defects can
be easily revealed, measured and controlled through regular
inspections and an adequate maintenance program. But regular
inspections on buildings are not mandatory and the perform-
ance levels of the different building components are usually
defined by the owners (Thai-Ker & Chung-Wan, 2006).

An accurate modelling of the degradation condition of
ceramic claddings is an important step for the definition of
maintenance management models. Over the last decade, sev-
eral studies have addressed the inspection and characteriza-
tion of the degradation condition of ceramic claddings
(Bordalo, de Brito, Gaspar, & Silva, 2011; Silva, Gaspar, de
Brito, & Neves, 2016; Silvestre & de Brito, 2011). In this
study, a quantitative scale is adopted for the evaluation of
the physical and visual condition of the sample analysed,
according to previous studies of ours (Ferreira, Neves, Silva,
& de Brito, 2019; Silva, de Brito, & Gaspar, 2016).

This numerical scale is based on the severity and extent
of the defects observed in the ceramic claddings analysed.
The defects observed in ceramic claddings are converted
into a numerical index, denoted as severity of degradation,
Sy, which is computed as the ratio between the extent of
the claddings’ degradation, weighted as a function of the
degradation level and the severity of the defects, and a refer-
ence area, equivalent to the maximum theoretical extent of
the degradation for the cladding analysed, as follows:

S (An X ky X kg p)
Axk

where S,, is the degradation severity of the coating,
expressed as a percentage; k, is the multiplying factor of
anomaly n, as a function of their degradation level, within
the range K = {0, 1, 2, 3, 4}; k,, is a weighting factor
corresponding to the relative €weight of the anomaly
detected (k,, € R+); k,, = 1 by default; A, is the area of
coating affected by an anomaly n; A is the facade area; and
k is the multiplying factor corresponding to the highest deg-
radation level of a coating of area A.

Sy = (1)

Table 2 presents the scale adopted, according to the
defects observed in ceramic claddings, as well as the weight-
ing coefficients applied in Equation (1). The weighting coef-
ficients (k,,) are used to hierarchise the relative importance
between anomalies. Naturally, different anomalies present
different effects on the overall degradation condition of the
ceramic claddings, e.g. the detachment of ceramic tiles is an
extremely serious anomaly, jeopardizing the users’ safety,
while stains only compromise the aesthetic appearance of
the cladding. In this sense, the weighting coefficients (k,,)
are established based on the severity of the anomalies, the
impact of the anomalies in the claddings’ performance
(safety and weathertightness), the propensity to generate
new anomalies and the cost of repair (Bordalo et al., 2011;
Silva, de Brito, et al., 2016). The weighting coefficients are
mainly quantified by the cost of repair of the anomalies, i.e.
the (k,,) for each anomaly is given by the ration between
the cost of repair of that anomaly and the cost of replacing
the cladding.

The severity of degradation index is translated, in this
study, into five degradation levels, ranging from A (no vis-
ual deterioration — most favourable situation) to E (worst
condition level). In the literature, different authors (Balaras,
Droutsa, Dascalaki, & Kontoyiannidis, 2005; Brandt &
Rasmussen, 2002; Flourentzou, Brandt, & Wetzel, 2000;
Kirkham & Boussabaine, 2005; Shohet & Paciuk, 2004) have
suggested the adoption of degradation scales, to express the
physical and visual deterioration of building components.
These scales are usually composed of discrete variables,
some of them with five levels, describing the loss of per-
formance of the components, from the absence of visible
degradation to the most unfavourable condition, related to
the loss of functionality of the component under analysis
(Bordalo et al., 2011; Gaspar & de Brito, 2011; Silva, de
Brito, et al., 2016).

Figure 2 presents an illustrative example of the visual
condition of ceramic claddings in each degradation level.
Level A corresponds to a cladding with no visible degrad-
ation; the ceramic cladding in Level B starts to present some
visual defects (superficial dirt and stains), which do not
jeopardize the claddings’ performance; Level C corresponds
to a ceramic cladding with slight deterioration, with some
anomalies related with the degradation of the ceramic tiles
surface, e.g. crushing or scaling of the borders; Level D cor-
responds to a ceramic cladding with some joint defects,
with loss of the filling material, as well as other pathological
manifestations, related with the degradation of the ceramic
tiles’ surface; and finally, in Level E, the claddings show a
generalised deterioration, with severe loss of adherence
defects, associated with other anomalies that are also present
in more favourable conditions.

4. Application of Petri nets to the definition of a
maintenance model

4.1. Model assumptions

The proposed life-cycle model is based on current and
potential future practice in terms of inspection, maintenance
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Table 2. Description of the degradation conditions for ceramic claddings (data sourced from Silva, de Brito, 2016b).

% area of Severity of
Degradation levels Groups of defects Description kan cladding affected degradation (%)
Level A (k, = 0) No visible degradation - - - Sw <1
Level B (k, = 1) Visual or surface - Surface dirt 0.25 <10 1<S, <6
degradation - Small surface craters 0.60
- Wear or scratches 0.60
- Crushing or scaling of the borders 0.60
- Change of shine and/or colour 0.60
- Damp stains 0.60
Cracking - Cracked glazing 0.25 Independent of
- Markedly orientated cracking (< 0.2 mm)° 1.00 the affected area
without leakage®
Joint deterioration - Staining or change in colour 0.25 Independent of the
affected area
Level C (k, = 2) Visual or surface - Small surface craters 0.60 > 10 and <50 < 30 6 <S, <20
degradation - Wear or scratches 0.60
- Crushing or scaling of the borders 0.60
- Change of shine and/or colour 0.60
- Damp stains 0.60
- Biological growth 1.00
- Efflorescence 1.00
Cracking - Cracking with no predominant direction 1.00 <30
- Markedly orientated cracking (> 0.2 mm)© 1.00
without leakage®
Joint deterioration - Without loss of filling material 1.00 <30<10
- With loss of filling material 1.50
Detachment - Loss of adherence 1.50 <20<20
- Swelling 1.50
Level D (k, = 3) Visual or surface - Small surface craters 0.60 > 50 > 30 20 < S, <50
degradation - Wear or scratches 0.60
- Crushing or scaling of the borders 0.60
- Change of shine and/or colour 0.60
- Damp stains 0.60
- Biological growth 1.00
- Efflorescence 1.00
Cracking - Cracking with no predominant direction 1.00 > 30 and <50
- Markedly orientated cracking (>1 mm)? 1.00
without leakage®
Joint deterioration - Without loss of filling material 1.00 > 30 and < 50
- With loss of filling material 1.50 > 10 and < 30
Detachment - Loss of adherence 1.50 > 20
- Swelling 1.50 > 20
- Localized detachment 2.00 <10
Level E (k, = 4) Cracking - Cracking with no predominant direction 1.00 > 50 Sw > 50
- Markedly orientated cracking (>5mm)® 1.00
Joint deterioration - Without loss of filling material 1.00 > 50
- With loss of filling material 1.50 > 30
Detachment - Generalized detachment 2.00 > 10

2With leakage - the degradation level is increased by one.

BCracking, detectable at a distance greater than 5m only if binoculars are used.

“Tenuous cracking line, easily detectable at a distance greater than 5m, using binoculars.
9Well defined cracking visible from a distance of more than 5m, without using binoculars.
€Cracking characterized by a thick line in which a clear separation of the borders can be seen, from a distance of more than 5m, with the aid of binoculars.

Figure 2. lllustrative example of the visual condition of ceramic claddings in each degradation level.

and repair of ceramic claddings. It is considered that the
degradation process follows a deterioration scale with five
discrete states from new (level A) to failed (level E).
Furthermore, it is assumed that the condition of the facades
is hidden and is only revealed at the time of inspections.
These inspections are performed at regular intervals defined
by the asset owner or manager.

In order to reduce the deterioration rate or improve the
performance of the fagade, maintenance actions are consid-
ered during the claddings’ life-cycle. A successful mainten-
ance program seeks a balance between conservation and
rehabilitation activities. Therefore, two main types of main-
tenance actions are considered: preventive and corrective.
Preventive maintenance actions usually lead to lower impact
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in the claddings’ performance and lower costs, while cor-
rective maintenance actions can significantly increase the
claddings’ performance but also encompass a higher eco-
nomic burden (van Noortwijk & Frangopol, 2004). A com-
bination of both types of maintenance is usually required to
achieve a cost-effective life-cycle performance.

Currently, the concept of condition-based maintenance is
increasingly relevant, which suggests that any maintenance
action should be preceded by an inspection to evaluate the cur-
rent observed degradation condition of the component under
analysis (Liao, Elsayed, & Chan, 2006). In this sense, in this
study, preventive maintenance actions are applied at regular
time intervals over the cladding’s lifetime. Herein, it is assumed
that preventive maintenance actions are not applied before an
inspection is performed. On the other hand, corrective main-
tenance actions are applied when an inspection reveals that the
condition of the fagade has crossed a predefined threshold.

Therefore, the scheduling of maintenance actions is per-
formed after an inspection. During the inspection, the need
for a corrective maintenance action is evaluated. If a corrective
action is required, its effect is included in the performance
model, and no further action is taken until the next inspection.
On the contrary, it is checked if any preventive maintenance
was scheduled since last inspection, otherwise no further
action is taken until the next inspection.

Each maintenance action is assumed to be modelled by
one or more than one of the following effects (Neves &
Frangopol, 2005):

1. Improvement of the condition state of the fagade after
the application of the maintenance action;

2. Suppression of the deterioration process for a period of
time after the application of the maintenance action;

3. Reduction of the deterioration rate for a period of time
after the application of the maintenance action.

Figure 3 depicts the different impacts of the maintenance
actions on the facades. When a maintenance that improves the
condition state is applied, this effect is described by the indica-
tion of the condition state for which the facade improves
immediately after the maintenance, v, as illustrated in Figure
3(a). On the other hand, if the maintenance suppresses the
deterioration process, this is characterized only by the time
period during which the process is suppressed, t;. During this
time, it is assumed that the performance indicator of the
facade remains unchanged, as shown in Figure 3(b). Finally, if
the maintenance reduces the rate of deterioration, this is char-
acterized by two parameters: the period of time that the deteri-
oration rate is affected, t,; and the deterioration factor, d.
These two parameters allow reducing the deterioration rate of
the facade, as displayed in Figure 3(c).

4.2. Maintenance model

The complete Petri net maintenance model used to evaluate
the performance of ceramic claddings is shown in Figure
4(a). The meaning of each part of the model is described in
the following sections.

0 -—— Without maintenance
Cil ——  With maintenance
§
Y
§
&)
t i
time h
b
®)
C;l
=
2
g
3
&)
T >

time

Condition

time

Figure 3. Effects of maintenance: (a) improvement of the condition state; (b)
suppression of the deterioration process; and (c) reduction of the deterior-
ation rate.

4.2.1. Deterioration process

The deterioration process is modelled through a linear
sequence of places, adopting stochastic timed transitions,
where each place represents a condition level of the classifi-
cation system adopted (Andrews, 2013; Yianni, Rama,
Neves, Andrews, & Castlo, 2017). The stochastic timed tran-
sitions are located between places, specifying the transition
times of moving between different condition levels.

Under no maintenance, the condition of the ceramic
claddings deteriorates continuously over time until the worst
condition level defined in the performance scale is reached.
Timed transitions are used to model the sojourn time in
each deterioration level (i.e. the time that the ceramic clad-
ding spends in deterioration level i before moving to deteri-
oration level i + 1). In Figure 4(a), the deterioration process
is depicted by five places (p; to ps) and four transitions (#
to t4), where places p; and ps represent, respectively, the
best and worst condition state of the qualitative perform-
ance scale. The remaining places represent the intermediate
condition levels and the position of the token in the net
indicates the current condition level of the cladding.

4.2.2. Inspection process

The deterioration level of a ceramic cladding is not continu-
ously known; the process can be considered unobserved until
an inspection occurs, when the cladding’s condition is revealed.
The inspections are periodic and carried out within the main-
tenance program defined. In general, these visual inspections



are performed by specialized technical staff with the aim of
evaluating the degradation state of the cladding through the
identification of anomalies that may affect its performance. An
inspection enables the adoption of the most appropriate main-
tenance work to be requested for tackling existing anomalies
with the appropriate priority. The section of the maintenance
model that is responsible for scheduling the time inspections is
shown in Figure 4(a) through the cycle formed by the following
places and transitions: ps — ts — p7 — t5 — ps.

A token in place ps means that an inspection is not
required or should not be performed at that time.
Furthermore, the presence of a token in place pg allows ena-
bling transition #;. This transition is a stochastic timed tran-
sition and manages the time intervals between inspections,
0. When transition tg fires, after 6 time units, the token is
removed from the place ps and is added to place p;.

A token in place p; means that it is time to perform an
inspection, enabling several actions. First, it enables one of the
following transitions: 7 to t;;. The firing of one of these tran-
sitions removes the token from the deterioration process (pla-
ces p; to ps) and reveals the true condition of the ceramic
cladding by placing it in one of the following places pg to pi2,
respectively. A token in places ps, po, pio, P11 OF p12 means,
respectively, that the true condition of the ceramic cladding is
A, B, C, D or E. Place p; is connected to transitions t; to t;; by
bidirectional arcs, representing a simplification for two unidir-
ectional arcs. This ensures that the token in place p; is not
removed at this stage. After that, the immediate transition fs is
enabled (once the inhibitor arc constraints of the places p; to
ps are checked), which causes the token placed in place p; to
return to place pes to wait for the next inspection.

4.2.3. Maintenance process
Once the condition of the ceramic cladding is revealed, the
required maintenance works can be established. The mainten-
ance process is illustrated in Figure 4(a) by places p13 to pas
and transitions t1, to t34. As mentioned above, the existence of
a token in one of the places ps — p1, means that the condition
of the ceramic cladding is known, and the maintenance works
can be initiated. The first step is to analyse what types of main-
tenance action are available in the maintenance program,
according to the observed condition. This information is
introduced in the model through places p;3 to py,. A token in
places p13 — p1y means that a preventive maintenance must be
done, while a token in places p,; — p,» means that a corrective
maintenance is needed. If there is no token in these places,
then the degradation condition of the cladding does not
require the performance of a maintenance action. On the
other hand, in cases where tokens are placed in both types of
maintenance, corrective maintenance is performed, since this
type of maintenance is more effective and usually covers the
same maintenance works as preventive maintenance.
Subsequently, depending on the action to take, one of
the following transitions may be firing:

e Transitions f; — t1s: No maintenance is performed, the
token is removed from the observed condition places
(ps — p12) and deposited in place p,s.
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e Transitions t;; — t;: Preventive maintenance is applied,
the tokens are removed from the observed condition pla-
ces (ps — p12) and from preventive maintenance places
(p13 — p17), and deposited in place p,s.

e Transitions t,; — tys: Corrective maintenance is applied,
the tokens are removed from the observed condition pla-
ces (ps — p12) and from corrective maintenance places
(p1s — p22), and deposited in place p,s.

A token arriving at place p,3; means that no maintenance
is performed, and the condition of the cladding is the one
observed during the inspection. On the other hand, a token
in place p,s means that an inspection has been performed,
the true condition of the ceramic cladding has been revealed
and a preventive maintenance action is required. The same
applies to place p,s for a corrective maintenance action.

Places p,; — pys enables, respectively, transitions t;; — ty,
which move the token to place pys. This place is a decision
place, since it enables five immediate transitions f3p — t34
that conflict with each other. The choice of the transition to
fire is performed in a deterministic way, according to the
effect of the maintenance action on the ceramic cladding. In
this model, the application of preventive and corrective
maintenance was considered ‘instantaneous’ through the use
of reset transitions t,3 and tp9, respectively. However, a tran-
sitions delay can be added in order to model, in a more
realistic way, the time required for the performance of
maintenance interventions.

4.2.4. Preventive maintenance actions

The characteristics of the preventive maintenance are intro-
duced in the maintenance model through places p,; to p29 and
transitions t35 to tsg (Figure 4(a)). The marking of places p,7,
D2s Or pag, means, respectively, that the maintenance actions,
when applied, have the effect of improving the condition of
the cladding, suppressing of the deterioration process or
reducing the deterioration rate. Then, depending on the
impact of the maintenance action on the cladding’s condition,
only one of the following immediate transitions can fire by
removing the token from place p,4 and placing it in place pso:

Transition f35: Improvement of the condition only.
Transition t35: Suppression of the deterioration process
over a period of time only.

e Transition f3;: Improvement of the condition state and sup-
pression of the deterioration process over a period of time.

e Transition f33: Reduction of the deterioration rate over a
period of time only.

e Transition t;: Improvement of the condition state and
reduction of the deterioration rate over a period of time.

The values of the parameters needed to model maintenance
are ‘attached’ to the tokens present in places p,; to po. When
the transition fire occurs, this information is communicated to
the token placed in p3), which is responsible for introducing
the characteristics of the maintenance implemented in the
deterioration process of the maintenance model.
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Figure 4. Petri net scheme of the complete maintenance model proposed. (a) Complete Petri net scheme; (b) After the fire of transition tg - inspection process is
initiated; (c) After the fire of transition ty - the condition of the cladding is revealed to be C; (d) After the fire of transition ts - the inspection process is finished; (e)
After the fire of transition t,4 - the maintenance action to apply is chosen (a minor intervention is performed); (f) After the fire of transition t,, - the maintenance
effects are computed (minor intervention improves the condition level); (g) After the fire of transition t,g - the maintenance action is applied; (h) After the fire of

transition tzg - the return of the cladding to the deterioration process.

4.2.5. Corrective maintenance actions

For corrective maintenance, the same methodology was followed
as in preventive maintenance. The characteristics of the mainten-
ance are introduced in the maintenance model through places
P31 to p33 and transitions ty to ty, (Figure 4(a)). Then, depending
on the impact that maintenance has on the ceramic claddings,
only one of the following immediate transitions can fire by
removing the token from place p,5 and depositing it in place psq4:

e Transition t4: Improvement of the condition state only.
e Transition t41: Improvement of the condition state and sup-
pression of the deterioration process over a period of time.

e Transition ty: Improvement of the condition state and
reduction of the deterioration rate over a period of time.

The Petri net schemes for corrective maintenance and
preventive maintenance are conceptually different, since pre-
ventive maintenance is considered as imperfect, and do not
bring the cladding to the good-as-new state, i.e., in some sit-
uations some preventive actions do not trigger the transition
of the cladding’s degradation condition to a more favourable
one. On the contrary, in this study, it is considered that cor-
rective maintenance always improves the condition state of
system, thus there will be a smaller combination of effects.
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Figure 4. (Continued).

It should be mentioned that an almost unlimited number of
combinations of effects and maintenance strategies can be mod-
elled. This can be accomplished by introducing more transitions
in the Petri net scheme of preventive and corrective mainten-
ance. The combinations of effects of maintenance actions per-
formed in ceramic claddings presented in this model represents
only one example of the efficiency and flexibility of Petri nets.

4.2.6. Periodicity of the preventive maintenance

In this model, the periodicity of the preventive maintenance is
considered through places ps3s — p39 and deterministic timed
transitions f43 — t4; (Figure 4(a)). The introduction of infor-
mation that this maintenance is available in a given condition
level is performed by placing tokens in places pss — pso.
Transitions t43 — t4; are associated with a delay that allows at
the end of 0 time units that the tokens present in places p3s —
D39 are removed and added to places p13 — p17, allowing pre-
ventive maintenance to be performed at the next inspection
time, if the imposed constrains are verified.

4.2.7. Renewal process

At a given time, the deterioration of the ceramic claddings
will reach a state where a specific maintenance action is no
longer effective, and partial or total replacement of the clad-
ding is required. The instant after which a specific mainten-
ance action is no longer effective can be defined in several
ways, namely: i) after a predetermined lifetime; ii) after the
cladding achieves a condition level that portrays an

unacceptable level of performance; and or iii) after a set
number of maintenance actions (Le and Andrews, 2016a).
In Petri nets, any of these approaches can be implemented.
In this study, each maintenance action could only be
applied a given number of times. These constrains are intro-
duced in the model by adding to places p3s — ps9 (preventive
maintenance), and places pig — py» (corrective maintenance),
a number of tokens equal to the maximum number of main-
tenance actions allowed. When the maximum limit of a main-
tenance action is reached, this action is no longer available,
and the ceramic cladding continues deteriorating until the
worst condition level is reached, where a more extensive main-
tenance action is required. Transitions f,5 and t9 (reset transi-
tions) initializes the tokens in places pss — p3g and p1g — po2a-

5. Application of the proposed model to
ceramic claddings

5.1. Maintenance strategies

The methodology, previously described, was applied to ana-
lyse the deterioration of ceramic claddings over their life-
time. In this study, three maintenance strategies are
considered. The proposal maintenance actions have three
interventions levels: cleaning operations; minor; and major
interventions. The different strategies were defined based on
previous works and on experts’ judgement.

Cleaning is considered a preventive maintenance action,
which includes the scaffolding installation, cleaning with
water jet and brushing. This action should contribute to an
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Figure 4. (Continued).

effective removal of debris and contaminants (aesthetical
anomalies), preventing the deterioration of ceramic clad-
dings. Numerically, this maintenance action is applied
whenever an inspection is performed, and when the clad-
ding is in level B but the last maintenance action has been
applied more than 10 years before.

The existing maintenance models for deteriorated com-
ponents have been limited to perfect maintenance actions
(Bérenguer, Grall, Dieulle, & Roussignol, 2003; Dieulle,

Bérenguer, Grall, & Roussignol, 2003), thus, considering
that a given maintenance action is able to restore the com-
ponent for good-as-new, neglecting the residual degradation
of the component under analysis. Nevertheless, when mod-
elling the degradation of components under real in-use con-
ditions, the maintenance actions not always restore the
component to as-good-as-new condition. In this study, the
effects of cleaning actions in the ceramic claddings were
thoroughly analysed. In some situations, the cleaning actions
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Figure 4. (Continued).

really improve the degradation state of the ceramic cladding,
leading to the return to the initial condition (A). However,
in some situations, the cleaning action only delays the deg-
radation of the cladding, not repairing already existing prob-
lems such cracking. In this sense, a cleaning action is unable
to reset the cladding’s condition to the initial condition (A).
In the sample analysed, the effects of a cleaning action are
examined, trying to evaluate its impact on the overall condi-
tion of the claddings. The analysis of the results revealed
that this action improves the condition to level A with a
probability of 31.4% or causes no significant improvement,
P = 68.6%.

The minor intervention is considered a corrective main-
tenance action, which encompasses the repair and localized
replacement of ceramic tiles. In the minor intervention, the
following actions are performed: i) 20% of the ceramic tiles
are replaced; ii) 30% of the cracking are filled; iii) 10% of
joints are replaced; and iv) the cladding is subjected to a
cleaning action. The analysis of the impact of the applica-
tion of maintenance actions in ceramic claddings is a com-
plex task, and there is a lack of information regarding the
actions performed on the sample analysed, during the clad-
dings’ life cycle.

In this manner, usually, the degradation models neglect
the effects of maintenance actions, considering that a
maintenance action can restart the claddings’ life cycle.
However, in reality, usually, the actions performed intend
to achieve a balance between improving the cladding’s per-
formance and minimizing the related maintenance costs,
and it is acceptable for the stakeholders that some damage
remains after maintenance. This fact was modelled herein
by assuming that a ceramic cladding in an intermediate
deterioration level (C) has a probability of 50% of restoring
its original condition (go to condition A, after the main-
tenance action) and a probability of 50% of improving its
condition to B.

Finally, the major intervention is computed as a renewal
process, applied when the claddings present an unaccept-
able degradation level. In other words, this intervention is

only applied when the ceramic claddings reach the end of
their service life, and therefore, the entire cladding must be
replaced. In the maintenance model proposed, a ceramic
cladding reaches the end of its service life when the deteri-
oration level reaches level D or higher. The condition level
after which the ceramic claddings reach the end of their
service life has been defined and discussed in previous stud-
ies (Ferreira et al., 2019; Silva, de Brito et al., 2016). In this
study, the claddings’ replacement causes it to return to con-
dition A or B. In perfect conditions, the cladding should
return to ‘as good as new’ condition (A), however, in some
particular situations, due to execution errors or inadequate
maintenance, the cladding only returns to level B.

Figure 5 presents an illustrative example of a case study,
before and after intervention, in which the replacement of
ceramic tiles does not lead to the cladding’s returning to the
initial condition. Unfortunately, this type of replacement is
quite common in real-world practice, which consists in the
replacement of the ceramic tiles, replacing the bonding
material and filling the joints, but maintaining the degrad-
ation condition of the ceramic tiles (all visual anomalies,
e.g., stains, eftlorescence, biological colonization).

To evaluate the performance of this material without and
with maintenance actions, three maintenance strategies
were defined:

i. Maintenance strategy 1 — major intervention.
ii. Maintenance strategy 2 - combination of minor and
major interventions.
iii. Maintenance strategy 3 - combination of cleaning,
minor and major interventions.

Maintenance strategy 1 is considered in this work to
characterise the maintenance strategy currently implemented
by most owners (Thai-Ker & Chung-Wan, 2006). In main-
tenance strategy 2, a minor intervention is also considered,
to delay or mitigate the deterioration process without com-
promising important features of the building, and to prevent
unnecessary disruption of the building’s use (Forster &
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Before intervention, in 2014

After intervention, in 2016

Figure 5. lllustrative example of a major intervention in which the initial condition was not restored.

Table 3. Parameters of the Weibull distributions adopted (Ferreira
et al,, 2019).

Transition t t t3 ty
Ai 7.0859 26.5108 23.2276 32.3015
Ki 1.0973 1.9847 19.6844 20.2604

Kayan, 2009), showing that small repair works can be done
to extend the service life of ceramic claddings. Finally, in
maintenance strategy 3, the inclusion of cleaning operations
represents the main maintenance activity applied in ceramic
claddings (Raposo, de Brito, & Fonseca, 2013).

The transitions times that specify the movement between
different deterioration levels of the ceramic claddings,
denoted by transitions #; — ¢, in Figure 4(a), are modelled
as Weibull distributions with parameters (A;, ¥;), with
i=1, 2, 3, 4, shown in Table 3, following the results
obtained by Ferreira et al. (2019).

Regarding to periodicity of inspections, Silvestre and de
Brito (2011) proposed an expert system for the inspection and
diagnosis of ceramic claddings, referring that current visual
inspections should be performed every 15months to detect
rapidly developing defects, and detailed inspections should be
carried out every 5years, and should include in situ non-
destructive tests in addition to visual examination. More
recently, Madureira, Flores-Colen, de Brito, and Pereira
(2017) proposed a periodicity of inspections to external clad-
dings of 3 years. Therefore, the inspection interval, 6, is mod-
elled as a triangular distribution with 3, 4, and 5, representing
the minimum, mode, and maximum values, respectively.

The model depicted in Figure 4(a) includes immediate,
deterministic and stochastic transitions. The deterioration,
modelled by transitions #; to 4, is stochastic, and each of these
transitions is modelled using Weibull distribution. The time
interval between inspections, modelled by transition #, is ran-
dom and described by a triangular distribution with min-
imum, mode and maximum equal to 3, 4, and 5years,
respectively. Transitions t,3 to t47, modelling the periodicity of
the preventive maintenance (cleaning operations) are taken as
deterministic and all other transitions are immediate.

In the maintenance strategies proposed in this study, the
following assumptions are adopted: i) after two consecutive
cleaning operations, this maintenance action is no longer
efficient, and therefore a minor intervention should be per-
formed, in order to repair the anomalies present in the

ceramic claddings; ii) after three minor interventions, this
maintenance action is no longer efficient, and it is necessary
to apply a major intervention.

5.2. Monte Carlo simulation

Since there is significant uncertainty related to the assign-
ment of a deterioration level to a ceramic cladding, as well
as on the definition of the effects of maintenance actions,
Monte Carlo simulation is used to consider the propagation
of uncertainties during the ceramic cladding’s lifetime and
to compute the performance profiles.

The procedure used to determine the performance profile
of the ceramic claddings for the situation where mainten-
ance is considered is shown in Figure 6. The performance
profile is characterized by initial condition state, Cp; deteri-
oration rate vector, ®; time horizon, t;; information regard-
ing maintenance actions; and the interval between
inspections, t;,,. The initial condition state, Cp, is used to
define the initial marking of the Petri net, My, and the first
transition of the deterioration process to fire, tik:”; the
deterioration rate vector, ®, is composed of the optimal
parameters of the probability distribution used to model the
deterioration process and is used to compute the sojourn
time, t(l), in each deterioration level.

The sojourn time, ©?, is sampled using the inverse CDF
of the Weibull distribution, given by:

w = - [FIn(1-w)]'S 2)

1

where A; and «; are the parameters of the Weibull distribu-
tion with i =1, 2, 3, 4 and u is a uniformly distributed
random variable between 0 and 1; the time interval between
inspections, ti(:;),, is used to define the time that inspections
should be performed on the ceramic claddings and the
information regarding the maintenance actions is used to
define the application range and the effects that these have
on the ceramic claddings. The time interval between inspec-
tions, t,-(:;’}),, is sampled using the inverse CDF of the triangu-
lar distribution, given by:

a+ u~(bfa)~(cfa), u<xk
tirey = 3)
c—\/(l—u) (c—a) - (c=b), u>x




where k = (b—a) /(c—a) and a4, b, c represent the minimum,
mode, and maximum values of the distribution, respectively.

The first step in the procedure is the identification of the
first transition to be fired, tfk:U, in the deterioration process
and the sojourn time of the ceramic cladding in the current
deterioration level, r(IZU, followed by the quantification of
the time for the first inspection of the ceramic cladding,
tf:;; Y. The first time, FT"=V), and its transition are com-
puted through the minimum between the sojourn time,
©=1 and the time of the first inspection, tf,’f;p: b,

The main loop starts by checking whether the next firing
time, FT™", occurs after the time horizon, #;, in which case the
computation ends. Otherwise, the next transition to be fired
can be either an inspection or a deterioration step. In the latter
case, the enabled deterioration transition fires and the Petri
net is updated. The procedure runs until the next firing time,
FT™, is larger than the time horizon. In each step, the first
branch checks whether an inspection is computed and the
relevant maintenance actions are applied. If no inspection
occurs in that year, the next deterioration transition time is
activated. The condition is updated and the next deterioration
firing time, rl(-kﬂ), is computed. If the ceramic cladding is in
the worst deterioration level, the transition time until the next
deterioration step is taken as tgkﬂ) = o0.

The output of this procedure, in the time horizon, is a
condition state vector, where the condition state of the cer-
amic cladding is defined for all years from the beginning of
the analysis until the time horizon. The repetitive calcula-
tion from this procedure (Monte Carlo simulation) allows
computing the mean and standard deviation of the deterior-
ation level in each year.

Based on the assumptions defined above (Section 5.1),
the maintenance strategies implemented can be linked with
the Petri net scheme presented in Figure 4(a). When the
first maintenance strategy is implemented, places pi, ps, pai>
P22 and p3; should be marked with one token each, at time
t =0. A token in place p; indicates that ceramic claddings
is, at time t = 0, in deterioration level A; a token in place
De specifies that, at time ¢ = 0, it is not time to perform an
inspection; a token in places p,; and p,; means, respectively,
that a major intervention is a corrective maintenance and
should be performed when the ceramic claddings is in
deterioration level D or E; and, finally, a token in place ps;
indicates that corrective maintenance improves the deterior-
ation level of the ceramic claddings after the application of
the maintenance action.

When the second maintenance strategy is applied, in add-
ition to the places defined for strategy 1, place py should be
marked with three tokens, at time t = 0. The three tokens rep-
resent the assumptions adopted that after three minor inter-
ventions, this maintenance action is no longer efficient, and a
major intervention should be performed. Finally, when the
third maintenance strategy is employed, besides the places
defined for strategies 1 and 2, places p,7 and p36 should also be
marked with one and two tokens, respectively, at time ¢ = 0.
A token in place p,; means that preventive maintenance
improves the deterioration level of the ceramic claddings after
the application of the maintenance action; and two tokens in
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place pss represent the assumptions adopted that, after two
consecutive cleaning operations, this maintenance action is no
longer efficient, and a minor or major intervention should
be applied.

Therefore, to better explain the movement of tokens
between places, consider, as an example, the marking shown
in Figure 4(a) representing the system state at year 30, con-
sidering the third maintenance strategy and assuming the
claddings is in deterioration level C. Furthermore, let us
consider that transition t; fires at year 37 (i.e., instant that
ceramic cladding deteriorates from level C to level D) and
transition t fires at year 32 (that is, the next inspection is
performed at year 32).

According with these data, the next transition to fire is
ts. Figure 4(b) shows the distribution of tokens at time t =
32 years, after transition # fires. The token present in place
De is removed and a token is added to place p;, meaning
that an inspection is carried out. At this point, the unob-
served deterioration process is revealed. This is modelled as
the firing of transition fy, revealing that the true condition
of the cladding at year 32 is C (see Figure 4(c)). After the
inspection, the token in place p; can return to place ps to
wait for the next inspection (see Figure 4(d)). At this point,
the time of the next inspection is sampled (it is assumed, in
this example, that the next inspection will occur at year 36).

Next, the types of maintenance actions available in the main-
tenance program are analysed. The three tokens in place pyg
mean that a minor intervention should be performed. As shown
in Figure 4(e), this corresponds to firing of transition t,4. Minor
intervention improves the condition level, modelled as firing of
transition ty (see Figure 4(f)). The condition of the cladding is
updated, and the next deterioration time is computed (assumed
at year 35). The application of minor intervention leads to firing
of transition ty (Figure 4(g)). This is a reset transition that
updates the number of effective cleaning operations that can be
applied. This leads to the computation of the time for the next
cleaning operation. It is assumed that a cleaning operation is
applied when the cladding is in level B but the last cleaning
operation has been applied more than 10 years before. Since it
is considered that a minor intervention includes a cleaning
operation, transition 44 will fire at year 42.

Place py is a decision place and enables the five immedi-
ate transitions f3y — t34 that are in conflict with each other.
The choice of the transition to fire is performed in a deter-
ministic way, according to the effect of the maintenance
action. Since the minor intervention improves the ceramic
cladding to level A, the next transition to fire is t3p, return-
ing the token to the deterioration process. Figure 4(h) illus-
trates the distribution of tokens at time t = 32 years, after
transition t3o fires. The next transition to fire is ¢, because
the deterioration of the ceramic cladding occurs before the
next inspection.

In this study, a Monte Carlo simulation with a sample
size of 50,000 was carried out, in order to obtain the follow-
ing information:

1. The predicted future condition profile under the differ-
ent maintenance strategies.
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Figure 6. Procedure to compute the performance profile of the ceramic claddings over the time horizon for the maintenance scenario.
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Figure 7. Comparison of the predicted future condition profile over time for all
maintenance strategies considered: (a) mean condition level; and (b) standard
deviation of the condition level. Mean and standard deviation are computed
considering a correspondence between the condition scale and an integer scale
between 1 and 5.
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Figure 8. Number of interventions per cladding for strategy 1.

5.3. Model results and discussion

Considering a 100-year time horizon and a ceramic cladding
in perfect conditions at the beginning of the analysis, the
condition profile obtained for the three maintenance strat-
egies and without maintenance are shown in Figure 7. The
results obtained reveal that the proposed maintenance strat-
egies have a significant impact on the mean degradation
condition. In all cases, the mean condition level decreases
beyond level B. In terms of standard deviation of the results,
the values range, on average, between 0.4 and 0.8, and strat-
egy 1 shows the largest dispersion of results. When only
major interventions are applied, the ceramic claddings are
allowed to deteriorate significantly and rapidly, before main-
tenance is applied. As a consequence, the probability of the
deterioration level being very high or very low is higher,
resulting in high standard deviations. On the other hand, as
preventive maintenance is applied, the deterioration is
slowed down, meaning that ceramic claddings take longer to
evolve from low to high deterioration levels and spend more
time close to the mean condition, leading to a smaller
standard deviation.



Table 4. Statistics of the time of the first intervention (in years) for strat-
egy 1.

STRUCTURE AND INFRASTRUCTURE ENGINEERING . 261

Table 7. Fixed costs of the maintenance actions
CYPE, 2016).
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Figure 9. Number of interventions per cladding for strategy 2.

Table 5. Statistics of the time of the first intervention (in years) for strat-
egy 2.

Standard  Confidence
Intervention ~ Minimum  Maximum  Average deviation level of 90%
Major 55 100 91.9 7.3 99
Minor 4 98 328 13.8 52

Table 6. Statistics of the time of the first intervention (in years) for strat-
egy 3.

Standard  Confidence
Intervention ~ Minimum  Maximum  Average  deviation level of 90%
Major 56 100 88.9 9.7 99
Minor 4 100 46.5 19.0 70
Cleaning 1 92 14.9 5.2 22
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Figure 10. Number of interventions per cladding for strategy 3.

According to Silva, de Brito, et al. (2016), the end of ser-
vice life of a ceramic cladding varies between 46 and
58 years. Based on these values, in this study, the impact of
the three maintenance strategies in the estimated service life
of ceramic claddings is evaluated. As mentioned above,
strategy 1 represents the maintenance strategy currently
implemented by most owners. Figure 8 and Table 4 illus-
trate that, for a time horizon of 100years, on average, 1.40
major interventions are performed per cladding, and the

Intervention Cost at year 0 [€/m2]

Major 52.15
Minor 22.59
Cleaning 9.13

first intervention is applied approximately at year 55.3 (only
0.4% of the claddings are not replaced in the time horizon).

Figure 9 and Table 5 present, respectively, the distribu-
tion of the number of interventions by cladding and the sta-
tistics of the time of the first intervention for strategy 2
(major and minor intervention). These results show that, for
a time horizon of 100 years, on average, 0.05 major inter-
ventions and 2.65 minor interventions are performed, per
cladding. The first major intervention is performed approxi-
mately at year 91.9 (94.69% of the claddings are not
replaced in the time horizon) while the first minor interven-
tion is applied, on average, at year 32.8 (only 0.01% of the
claddings are not repaired in the time horizon). The results
obtained for strategy 2 are in accordance with the values
suggested by Silva, Gaspar, et al. (2016), which mentioned
that minor maintenance actions should be performed before
year 40. Furthermore, the combination of minor and major
interventions increases the estimated service life, since the
probability of the claddings not being replaced increases
from 0.4% to 94.69%.

According to the results of strategy 3, on average and
until year 14.9 (Table 6), the ceramic claddings are only
monitored, which agrees with the literature. Silva, Gaspar,
et al. (2016) state that ceramic claddings should only be
monitored until year 13 (only 0.002% of the claddings are
not clean in the time horizon). Furthermore, comparing
with strategy 2, the combination of cleaning, minor and
major interventions also allows increasing the estimated ser-
vice life, since the probability of the claddings not being
replaced increases from 94.69% to 99.37%. Figure 10 reveals
that, for a time horizon of 100years, on average, 0.006
major interventions, 1.81 minor interventions and 4.00
cleaning operations are performed per cladding.

Usually, the stakeholders are not only concerned with the
claddings’ performance or degradation condition, but
mainly with costs. In this sense, the costs of the three main-
tenance strategies are examined in detail. For this purpose,
the life-cycle costs are compared, focusing on the influence
of direct costs and the annual discount percentage. An ana-
lysis of a future investment must consider the time value of
money, so that the cost of an intervention depends on the
moment the action is taken. In this context, the life-cycle
maintenance cost must be converted by a discount rate to a
predefined reference time. The present value at time zero
can be computed as follows (Frangopol, Kallen, & van
Noortwijk, 2004):

Ct

(1+v/100)" @)

Cy —

where ¢, is the cost at time ¢ and v is the annual dis-
count percentage.
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Table 8. Results obtained for the different strategies under analysis.

Cumulative cost over  Cumulative cost over  Estimated Increase in the Probability of application of
Maintenance 100 years With a 5% 100 years With a 0% service estimated service major interventions during
strategy Actions performed discount rate [€/m?] discount rate [E/m?] life (years) life (years) the time horizon (%)
1 Major interventions 4.69 72.86 55.3 - 99.60
2 Minor interventions 7.87 62.66 91.9 36.6 531
Major interventions
3 Cleaning Minor interventions 12.14 77.72 88.9 33.6 0.63
Major interventions
(a) However, for a 0% discount rate (Figure 11(b)), mainten-
18 ance strategy 2 is the one with the lowest cumulative cost
16~ Major intervention _ over the claddings’ lifetime. Strategy 1, only considering a
[ ~+Major and Minor interventions . . . . . .
S 14 sl il . major intervention, is more expensive after the cladding’s
¥, 7| =-Major, Minor and Cleaning interventions S o .
*g 12 lifetime, but this is only noticeable after year 60. Therefore,
z 10} for a 0% discount rate, the inclusion of a minor intervention
'% 8| has clear advantages, since it improves the cladding’s deg-
E 6 radation condition and, consequently, its service life, and
3 4 considerably delays the execution of a major intervention.
2| This conclusion can also be observed in Figure 9, where in
0 =0 0 60 o 100 94.69% of the 50,000 iterations run in the Monte Carlo
Time [years] . . . . .
®) simulation, no major interventions were applied. Moreover,
80 the execution of two minor interventions is cheaper than
o one major intervention, which also allows reducing the
E%GD long-term costs.
L . . . .
’ In an overall analysis, the following main conclusions
o]
S 40 can be drawn:
]
=
3 . .
2 20 e Maintenance strategy 1 presents the lowest cumulative
3 cost over the claddings’ lifetime, for a discount rate of
0 5%. In this strategy, only a corrective measure is
0 20 40 60 80 100

Time [years]

Figure 11. Cumulative cost profiles for the three maintenance strategies con-
sidered: (a) 5% discount rate; and (b) 0% discount rate. Black lines represent
the mean cumulative cost and grey lines the standard deviation of the mean
cumulative cost.

The discount rate over long time periods is markedly dif-
ficult to predict. As a consequence, two extreme values were
considered to evaluate the sensitivity of the results to this
parameter. As mentioned by van Noortwijk and Frangopol
(2004), the discounted cost is essentially used for balancing
the initial cost of investment against the future cost of
maintenance. These authors refer that the choice of the dis-
count rate is mainly a political decision, and its value usu-
ally ranges between 4% and 6%. In this study, the
maintenance decisions and, consequently, the investment
decisions are compared considering a discount rate of 0%
and 5%. The direct costs of each maintenance are presented
in Table 7, based on the most recent values of each oper-
ation, found in the literature and specialized companies.

Figure 11 depicts the mean cumulative cost for the three
maintenance strategies and Table 8 presents a comparison
between the cumulative costs and the estimated service life
of ceramic claddings, taking into account the three mainten-
ance strategies proposed. As expected, for a discount rate of
5% (Figure 11(a)), the mean cumulative cost of maintenance
strategy 1 (considering only major intervention) is lower
than the cost of maintenance strategies 2 and 3.

adopted, which does not allow improving the claddings’
condition over time, as well as their expected service life.

e Maintenance strategy 3 presents the worst overall results,
since it leads to the highest cumulative costs over the
claddings’ lifetime, and the adoption of cleaning actions
increases the estimated service life of ceramic claddings,
but less than maintenance strategy 2.

e Maintenance strategy 2 seems the most rational and
adequate solution, according to the model’s assumptions,
since this strategy allows significantly increasing the esti-
mated service life of ceramic claddings, and the cumula-
tive costs over the claddings’ lifetime are extremely
competitive when compared with those of maintenance
strategy 1.

6. Conclusions

In this study, a maintenance model, based on the Petri net
formalism, is proposed to analyse the consequences of alter-
native maintenance strategies to control the deterioration
levels of ceramic claddings in Portugal. The use of Petri nets
to model the deterioration and maintenance of components
is a research field in development. However, this modelling
technique has shown several advantages when compared
with other techniques, like Markov chains. The graphical
representation of the model and its results can be used to
describe the problem in an intuitive manner. Petri nets
models are very flexible, allowing incorporating many rules



in the model to accurately simulate complex situations and
keeping the model’s size within manageable limits.
Furthermore, this modelling technique shows a good cap-
ability to asses and predict the life-cycle performance of
building facades.

To evaluate the performance of ceramic claddings, with-
out and with maintenance actions, three maintenance strat-
egies were considered: (i) only major intervention; (ii) a
combination of minor and major interventions; and (iii) a
combination of cleaning operations, minor and major inter-
ventions. A Weibull distribution was chosen as the appro-
priate distribution to sample the transition times in the
deterioration process. Furthermore, a triangular distribution
was chosen to describe the inspection times of the facades.
The choice of both distributions was performed based on
the literature and on previous studies by the authors.

The major and minor interventions are modelled as con-
dition-based corrective maintenance. All actions are per-
formed after an initial inspection to evaluate the claddings’
degradation condition. The major intervention is applied
when the ceramic cladding reaches higher deterioration lev-
els and when the end of service life is reached, and the
whole cladding is replaced. On the other hand, the minor
intervention is applied when the claddings have an inter-
mediate deterioration level. In minor interventions, a clean-
ing action is performed, as well as the replacement of the
filling material in joints and ceramic tiles, and filling of the
cracking observed. The cleaning action is considered a pre-
ventive maintenance and is time-based, being applied
every 10 years.

The complete Petri net maintenance model is divided
into seven modules, with distinct functions: (i) deterioration
process; (ii) inspection process; (iii) maintenance process;
(iv) preventive maintenance; (v) corrective maintenance; (vi)
periodicity of the preventive maintenance; and (vii) renewal
process. The maintenance model is solved using a Monte
Carlo simulation. The model allows obtaining some parame-
ters related with the ceramic claddings’ performance, such
as: future condition profiles of the effects of the different
maintenance strategies; number of interventions performed
in the ceramic cladding over the simulated lifetime; distribu-
tion of times of application of the first intervention; and,
cumulative cost profile of the different maintenance strat-
egies, considering an annual discount rate.

The results reveal that the defined maintenance strategies
have a significant impact on the mean condition level, when
compared with the condition profile without maintenance.
Maintenance strategy 1 represents the one most commonly
implemented by owners. The future condition profiles
obtained reveal that more regular interventions in the clad-
ding, through the application of minor intervention and
cleaning operations, allows improving the claddings’ condi-
tion level. For strategy 1, a service life of 55.3 (only 0.4% of
the claddings are not replaced in the time horizon) years
was obtained, and an average of 1.40 major interventions
are performed during a time horizon of 100 years.

The implementation of minor and major interventions
allows increasing the estimated service life of ceramic
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claddings, since the probability of the claddings not being
replaced increases from 0.4% to 94.69%, where the first
minor intervention is applied approximately after 33years
(only 0.01% of the claddings are not repaired in the time
horizon). The combination of cleaning, minor and major
interventions allows increasing the estimated service life,
since the probability of the claddings not being replaced
increases from 94.69% to 99.37%. Furthermore, the results
obtained revealed that until year 14.9 ceramic claddings
only need to be monitored (only 0.002% of the claddings
are not clean in the time horizon).

Regarding the cumulative cost profiles, maintenance
strategy 1 has the lowest cumulative cost over the claddings’
lifetime, for a discount rate of 5%, but it does not promote
the increase of the claddings’ service life. For a discount rate
of 0%, maintenance strategy 2 has the lowest cumulative
costs after the period under analysis. In this sense, this strat-
egy seems the most appropriate, considering the proposed
model, since it allows increasing the cladding’s performance
while reducing the maintenance costs over the clad-
dings’ lifetime.
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