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Abstract. Most of the maintenance actions in the construction sector are still reactive and sporadic, 
based on subjective criteria. Usually, maintenance actions are performed when the building already 
presents unacceptable degradation levels, and the reactive maintenance actions carried out only cor-
rect the anomalies observed, not dealing with the causes, thus leading to additional costs and risks for 
owners. This study establishes a condition-based maintenance model applied to natural stone clad-
dings. This model has a stochastic nature, in order to deal with the complexity of the degradation phe-
nomena. For that purpose, Petri nets are used, providing an efficient tool to model the deterioration 
process and the maintenance decisions considered for stone claddings. The maintenance model is a 
full life-cycle model that encompasses: (i) the stochastic assessment of the degradation condition of 
the stone claddings, and their expected service life; (ii) and the inspections, maintenance and renewal 
processes. In this study, three maintenance strategies are considered: (i) major intervention only; (ii) 
combination of minor and major interventions; and (iii) combination of cleaning operations, minor 
and major interventions. The impact of the different maintenance strategies in the future performance 
and remaining service life of stone claddings is analysed, also evaluating the economic impact of each 
maintenance plan. 
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1 Introduction 
The awareness of the building managers and/or owners about the need to maintain their assets 
more efficiently has increased over the last years (Silva and de Brito, 2019). The maintenance 
of buildings’ envelope elements is not yet a first concern (Forster and Kayan, 2009; Thomsen 
and van der Flier, 2011). Usually, maintenance actions are carried out when the buildings’ enve-
lope elements are already severely degraded, or reactive maintenance actions are performed to 
react to failures and do not deal with the causes (Mobley, 2014), thus leading to additional costs 
and risks (Dann and Cantell, 2005). Furthermore, regular inspections to assess the condition and 
maintenance actions on these elements are not mandatory (Shohet et al., 2002). The definition 
of the end of their service life is subjective, based on the outward appearance, owners/users’ 
demands and the funds available for maintenance works (Emídio et al., 2014). 

Therefore, the development of more efficient methodologies for the implementation of 
strategic planning of maintenance actions is important (Lacasse and Vanier, 1996; Aikivuori, 
1999). The existing tools have several limitations (Ashworth, 1996; Sherwin, 2000; Forster 
and Kayan, 2009): scarce data about maintenance protocols; poor or non-existent implementa-
tion of strategic procedures; lack of information regarding durability and performance of 
buildings; insufficiently accuracy of the existing maintenance policies; and lack of infor-
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mation about global costs associated with repairs. This information is extremely relevant to 
managers, insurers, owners or users, and allows the adoption of more sustainable and durable 
solutions at the design stage and for the definition and implementation of reliable maintenance 
policies, enabling a more rational management of the building stock. 

The main purpose of this study is the development and implementation of a condition-
based maintenance model for Natural Stone Claddings (NSC). The proposed model is imple-
mented using a stochastic Petri Nets (PN) framework. The case study selected is composed of 
203 NSC, located in Portugal. The sample was established based on the diagnosis of the deg-
radation condition of these claddings in-service performance, through in situ visual inspec-
tion. In the methodology developed, three maintenance strategies are assessed: (i) major in-
tervention only; (ii) combination of minor and major interventions; and (iii) combination of 
cleaning operations, minor and major interventions. The first one represents the most common 
solution adopted by 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 mainte-
nance costs, for the period under analysis. 

2 Petri Nets (PN) 
PN are a mathematical and graphical modelling tool, introduced by Carl A. Petri in 1962 (Petri, 
1962), suitable for description of systems whose dynamics are characterized as being concur-
rent, asynchronous, distributed, parallel, nondeterministic, and/or stochastic (Murata, 1989). 

In a few words, PN can be defined as a bipartite directed graph that comprises two types of 
nodes, places (representing a state or condition of the system, drawn by circles) and transi-
tions (representing an action, denoted by bars and/or boxes). Both nodes are linked by di-
rected arcs. An arc connects a place with a transition, or vice-versa. Tokens (drawn by small 
black dots) are stored in places and its distribution (denoted by marking, M) represents the 
current state of the system. Transitions are responsible for the evolution of the system from 
one state to another (movement of the tokens between places). A transition is enabled to fire 
when, in all input places, there is at least one token. Furthermore, it is possible to assign to 
each transition a firing rate that can be deterministic or modelled by any probabilistic distribu-
tion. Figure 1 shows an example of PN composed of three places (p1, p2, p3) and one transi-
tion (t1). In this example, the transition is not enabled to fire since place p2 is empty. 

 
Figure 1. Example of a Petri net. 

3 Maintenance Model 
The maintenance model, based on the Petri nets methodology, proposed to assess the perfor-
mance of NSC, is presented in Figure 2. Below, the meaning of each part of the model is 
briefly described. More information about the model can be seen in Ferreira et al. (2019). 
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Figure 2. Petri net scheme of the maintenance model proposed. 

The maintenance model implemented is a condition-based model, where it is assumed that 
maintenance actions are planned after the condition has been assessed through inspections. In 
other words, the need for a maintenance action is assessed during inspection, and then, ac-
cording to the current observed degradation condition of the component under analysis, a de-
cision on intervening is made. The model can be divided in several main parts: (i) degradation 
process; (ii) inspection process; (iii) maintenance process; (iv) modelling of the maintenance 
actions; and (v) periodicity of the cleaning operations. 

In Figure 2, the degradation process is depicted by five places (p1 to p5) and four timed transi-
tions (t1 to t4). Each place denotes a condition level defined in the classification system adopted, 
where places p1 and p5 represent, respectively, the best and worst condition level of the classifica-
tion system. The timed transitions, located between places, model the transition times of moving 
between different condition levels. The transition times are samples from the appropriate distribu-
tions that can be obtained by studying the degradation characteristics of the NSC (Le and An-
drews, 2016). The classification system adopted (Table 1), proposed by Silva et al. (2011), is 
based on visual inspections of the extent of the cladding area affected by the different anomalies. 
The severity of degradation index, Sw, is defined with the intent of expressing the overall degrada-
tion condition of these claddings, and is given by the ratio between the area affected by the defects 
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observed in a NSC, weighted according to their severity, and a reference area equivalent to the 
total cladding area with the highest possible level of degradation (Equation 1) (Silva et al., 2016). 

𝑆𝑆𝑤𝑤 =
∑�𝐴𝐴𝑛𝑛 × 𝑘𝑘𝑛𝑛 × 𝑘𝑘𝑎𝑎,𝑛𝑛�

𝐴𝐴 × ∑𝑘𝑘
 

(1) 

where Sw represents the severity of degradation (in %), k the multiplying factor correspond-
ing to the highest degradation condition level of the cladded area A, An the cladding area af-
fected by any defect n (in m2), kn the multiplication factor for the defect n, in terms of their 
degradation condition, and A the total area of the NSC (in m2). More information about the 
classification of defects and the determination of Sw can be found in Silva et al. (2016). 

Table 1. Degradation conditions for natural stone cladding. 

Degradation condition Severity of degradation 
Condition A: No visible degradation Sw ≤ 1% 

Condition B: Good 1% < Sw ≤ 8% 
Condition C: Slight degradation 8% < Sw ≤ 20% 

Condition D: Moderate degradation 20% < Sw ≤ 45% 
Condition E: Generalized degradation Sw ≥ 45% 

The inspection process is modelled through the cycle formed by nodes: p6 - t6 - p7 - t5 - p6 
(Andrews, 2013). A token in place p6 means that an inspection should not be performed at 
that time and enables transitions t6 that manages the time intervals between inspections, θ. A 
token in place p7 means that it is time to perform an inspection, enabling several actions. First, 
it enables one of the transitions t7 to t11. The firing of one of these transitions allows revealing 
the true condition of the cladding. A token in places p8, p9, p10, p11 or p12 means, respectively, 
that the true condition of the cladding is A, B, C, D or E. After that, transition t5 is enabled, 
which causes the token in place p7 to return to place p6 to wait for the next inspection. 

The maintenance process is represented by places p13 to p32 and by the transitions t12 to t40. 
Here, the available types of interventions are analysed, according to the observed conditions. 
In the proposed methodology, three intervention levels are considered: cleaning operations, 
minor and major interventions. This information is introduced in the model through places p13 
to p27. Tokens in places p13 to p17 mean cleaning operations must be done, in p18 to p22 that a 
minor intervention is needed, and in p23 to p27 that a major intervention is required. If there is 
no token in these places, no interventions are performed. Otherwise, if, for the same condi-
tion, there is more than one type of intervention available, the highest impact intervention is 
performed. A token in places p28, p29, p30 or p31 indicates, respectively, that no intervention, 
cleaning operations, minor or major interventions are required. After that, the token returns to 
the degradation process by place p32 and transitions t36 to t40. 

In Figure 2, the cleaning operations is modelled by places p33 to p36 and by transitions t41 to 
t45. The marking of places p33, p34 or p35 means, respectively, that the cleaning operation, 
when applied, has the effect of improving the condition, supressing the degradation process or 
reducing the deterioration rate. Then, depending on the impact of the cleaning operation on 
the cladding, only one transition can be fired. For the minor (places p37 to p40 and transitions 
t46 to t50) and major (places p41 to p44 and transitions t51 to t55) interventions, the same meth-
odology is implemented. 
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In this model, the periodicity of the cleaning operations is considered through places p45 to 
p49 and timed transitions t56 to t60. The introduction of the information that this intervention is 
available in a given condition level is performed by placing tokens in places p45 to p49. Transi-
tions t56 to t60 are associated with a delay that allows, at the end of θclean time units, the tokens 
present in places p45 to p49 to be returned to places p13 to p17, allowing cleaning operations to 
be performed at the next inspection time, if the imposed constrains are complied with. 

4 Case Study: Natural Stone Claddings 
The case study under examination is composed of 203 NSC directly adhered to the substrate, 
located in Portugal. The degradation condition of each cladding in the data set was analysed 
based on in situ visual inspections. The methodology described, was applied to analyse the 
degradation of NSC over their lifetime. A 150-year time horizon was considered and the clad-
ding is expected to be in perfect conditions at the beginning of the analysis (in condition A). 

4.1 Probabilistic Analysis of the Deterioration Process 
To find the best distribution that describes the degradation characteristics of the NSC, the deg-
radation process (without maintenance) is applied to the complete sample. Table 2 shows the 
optimized estimation parameters obtained for the three distribution functions (Exponential, 
Weibull and Lognormal) analysed, in terms of mean time in each degradation condition and 
standard deviation, as well as the respective log-likelihood value. 

Table 2. Optimal parameters obtained using the three distributions analysed. 

Distributions Mean [years] Standard deviation [years] -log L 
TA TB TC TD TA TB TC TD 

Exponential 5.8 51.6 84.9 1.67×107 5.8 51.6 84.9 1.67×107 161.89 
Weibull 4.1 42.9 22.4 49.9 7.0 10.3 1.4 2.4 125.56 

Lognormal 4.2 44.0 24.3 1.54×106 11.3 13.3 0.3 2.50×107 127.12 

The parameters of the probability density function are fitted to the historic database based 
on the concept of maximum likelihood (Kalbfleisch and Lawless, 1985). The likelihood, L, is 
defined as the predicted probability of occurrence of the observed transitions (Equation 2). 

𝐿𝐿 = ��𝑝𝑝𝑖𝑖𝑖𝑖 ⟹ log 𝐿𝐿 = ��𝑝𝑝𝑖𝑖𝑖𝑖  
(2) 

where pij is the probability of transition from deterioration condition i to j. 
The results allow concluding that two-parameter distributions (Weibull and Lognormal) 

show a better adjustment to the data set than the Exponential distribution. Since Weibull dis-
tribution is the one that shows a minor log-likelihood, log L, value and, consequently, a better 
fit to the historical data, this distribution is chosen to sample the transitions times that specify 
the movement between different conditions levels. 

4.2 Maintenance Strategies and Costs 
In this study, three Maintenance Strategies (MS) are considered: (i) major intervention only 
(MS1); (ii) combination of minor and major interventions (MS2); and (iii) combination of clean-
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ing operations, minor and major interventions (MS3). The different strategies were defined based 
on previous works and on experts’ judgement. Table 3 presents the fixed costs, application zones 
and impacts of the different types of interventions considered. It was assumed that an Alpinina 
marble cladding, directly adhered to the substrate, was used. For example, a cleaning operation of 
NSC has a cost of 31.37 €/m2, is applied in condition B and improves it to condition A with a 
probability of 15% or causes no significant improvement with a probability of 85%. Regarding 
the inspections, a deterministic periodicity of 5 years is considered. 

Table 3. Fixed costs, application zones and impacts of the different types of interventions considered. 

Interventions Cost [€/m2] Application 
zone 

Impact of the maintenance actions [%] 
PA PB Pc 

Inspections 1.03 All - - - 
Cleaning operations 31.37 B 15.0 85.0 - 
Minor interventions 68.80 C - 80.4 19.6 
Major interventions 149.51 D, E 100.0 - - 

4.3 Comparison of the Different Maintenance Strategies 
Figure 3 compares the degradation curves obtained for the three MS and for the situation 
without interventions. The results show that the proposed MS have a significant impact on the 
mean severity of degradation. For all MS, the mean severity of degradation is less than 8% 
(condition B), with MS3 showing the greatest variation over time. 

 
Figure 3. Comparison of the degradation curves over time for all maintenance strategies. 

On the other hand, if the cumulative costs are analysed (Figure 4), MS2 has the lowest cu-
mulative costs when the discount rate is 0% (Figure 4a) and MS1 for a discount rate of 6% 
(Figure 4b). For both rates, MS3 is the one with the highest cumulative maintenance costs. 

The discount rate is used to balance the initial investment costs against the future mainte-
nance cost. Since this parameter is difficult to predict, two extreme values were considered to 
assess the sensitivity of the results. Its choice is mainly a political decision, and the value usu-
ally ranges between 4% and 6% (van Noortwijk and Frangopol, 2004). 

Finally, the number of interventions and the remaining service life for the three MS are an-
alysed (Figure 5). According to Silva et al. (2016), the end of the service life of a NSC varies 
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between 68 and 90 years. The end of the service life occurs when a major intervention is per-
formed. If the first major intervention is analysed (Figure 5a), for MS1, in year 85 there is a 
probability of 90% of NSC having been replaced at least once. The value agrees with the 
range suggested by Silva et al. (2016). On the other hand, for MS2, in year 150 there is only a 
58% probability that the NSC has been replaced at least once, and, for EM3, this percentage 
in the same year is reduced to 28%. From this it results that combining major intervention 
with other intervention works, such as minor interventions and cleaning operations, increases 
the service life of NSC. Similar observations can be made for the minor intervention (Figure 
5b). Considering cleaning operations in MS3 postpones the need of a minor intervention. 

 
Figure 4. Comparison of the cumulative costs over time for all maintenance strategies. 

 
Figure 5. Comparison of the cumulative distribution function of the number of interventions. 

5 Conclusions 
In this study, a maintenance model, based on the PN formalism, is proposed to analyse the impact 
of different MS to control deterioration conditions of NSC. In the proposal methodology, three 
MS are analysed. These are composed by three different intervention levels: cleaning operations, 
minor and major interventions. The results reveal that: MS1 presents the lowest cumulative cost 
for a discount rate of 6%. In MS1, only replacement of the cladding is considered, which does not 
allow improving the condition over time, as well as its service life. MS3 shows the best degrada-
tion results but leads to the highest cumulative costs over the claddings’ lifetime. MS2 seems to 
be the most rational and adequate solution, according to the model’s assumptions, since it allows 
increasing the service life and the cumulative costs are competitive when compared with those of 
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MS1. However, in the end, the choice of the best MS is always assumed by the building managers 
and/or owners and depends on their budgets and target condition for the cladding. 
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