Chapter 2
Service Life and Durability of Assemblies

2.1 Theoretical Foundations

The quality and the durability of buildings are an essential dimension for the quality
of life, and are critical for the social and economic stability of contemporary societies
(Wekesa et al. 2010). In fact, the building stock represents approximately 50 % of
the wealth of most European countries (Long et al. 2001). The increased degradation
of the built heritage is due to the natural ageing process of materials and components,
which begins as soon as buildings are put into use, associated with the scarcity of
resources and—in some countries—a yet incipient culture of building’s mainte-
nance. According to Haagenrud (2004), when adopted, an attitude of “build and let it
stay” leads to an accelerated loss of building’s performance. This loss of perfor-
mance, which manifests itself in ever higher levels over time, expressed by the
presence of defects, leads to the inability of the buildings to fulfil the requirements
for which they were designed (Chai et al. 2014). Therefore, the knowledge con-
cerning the service life of buildings and their components assumes a very important
role, allowing understanding how to manage a vast—and often aged—built park.
The service life prediction is a field that leads to more rational and sustainable
solutions. In the last decades, the possibility of using data on the service life of
materials and components during the design and construction phase has been
thoroughly analysed (Frohnsdorff and Martin 1996; Soronis 1996). This interest
arose due to two main factors: (i) environmental factors, since the energy crisis led
to a scarcity of resources and an increased awareness of the notion of sustainability
(witnessing a growing concern in terms of the environmental impact of the con-
struction sector); (ii) economic factors, since the management and maintenance of
the built stock is a very significant dimension of the economy of societies (Hovde
2002). Moreover, the changes in construction methods, the onset of durability
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problems and the need to understand the performance of new building materials
also contribute to the pursuit of knowledge regarding the durability of buildings and
their components.

This chapter aims to establish the first approach to the service life prediction
methods applied to the fagades claddings, with three main objectives: (i) perform an
extensive survey regarding the concepts related with the service life and durability
of building components, the methodologies and standardization related to this
matter; (ii) define the information collected during the fieldwork, which allows the
physical and visual characterization and further quantification of the degradation
condition of the claddings analysed; iii) the characterization of the samples col-
lected during the fieldwork.

2.2 Service Life of Buildings

Making an analogy with living beings, it can be said that all buildings have a life
cycle during which they “are born”, “get older” and “die” (Gaspar 2009). Often
does this analysis appear in the literature on the subject, namely regarding life cycle
assessment analysis, referred to as “cradle to grave”. The building’s life cycle
comprises all stages of its life, i.e. the time elapsing since it is placed in use, after
construction (birth—corresponding to the stages of design and construction) and
ending at the instant from which it is unable to meet the acceptable minimum
performance requirements (ISO 15686: 2011). The concept of service life is rela-
tively simple, although different definitions can be found in the literature, sharing
common ideas

e According to ISO 15686: 2011 (Service life planning), service life can be
defined as the period of time after installation in which the buildings or their
parts meet or exceed the minimum performance requirements;

o ASTM (1990) shares the same definition of ISO 15686: 2011 and also mentions
that during this period of time the building and its elements must be subjected to
periodic maintenance;

e The Canadian standard CSA S478-95 (Guideline on Durability in Buildings)
refers that the service life can be described as the period of time during which
the building or its components fulfil the requirements for which they were
designed, without unexpected costs or maintenance and repair actions;

e EOTA, in the document Assumption of Working Life of Construction Products
in Guideline for European Technical Approvals and Harmonized Standards
(EOTA 1999), characterizes service life as the period of time during which the
performance of the product is maintained at a level compatible with the fulfil-
ment of the essential requirements.
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The concept of service life is often confused with that of durability, leading to
the misuse of the terms. Contrary to the concept of service life, durability is not
related to a period of time but instead corresponds to the building’s ability and that
of their components to show an adequate performance during their life cycle.
According to the Canadian standard (CSA S478-95: 2001), the concept of dura-
bility refers to the ability of a building or its components to achieve the best
performance in a given environment or location, without having to be subjected to
significant corrective measures or to the repair or replacement of its elements. In
turn, the New Zealand Building Code includes a functional requirement, referring
that the elements and construction materials as well as construction methods should
be sufficiently durable, thereby ensuring that the building meets all the performance
requirements during the building’s service life, without having to be subjected to
significant rehabilitation works (Lee et al. 2008). In reality, durability cannot be
seen only as an intrinsic quality of a material; simple changes in the construction
details may promote a higher protection of a building element against the degra-
dation agents, contributing to the increase of its service life (John et al. 2002). The
service life prediction methodologies gain therefore an increasingly important role
in the implementation of durable buildings, which should be designed based on:
(i) the knowledge of the performance of the materials over time; (ii) the knowledge
regarding the capacity of the material withstanding the degradation mechanisms it
will be subjected to, under a given set of environment exposure conditions; (iii) the
characteristics of the construction and its context (Wyatt 2005). In the end, although
being different concepts, the service life and durability of constructions are closely
related and necessary to understand the life of buildings; they are therefore relevant
concepts in the construction process, either at the design stage or in the use phase,
thus allowing reducing the maintenance costs, increasing the comfort of users and
the sustainability of the solutions adopted (Moreno 2012).

A study performed by Bordeau (1999) for the CIB W82 commission reveals that
in some languages (Dutch, Finnish, Romanian, among others), the word “sustain-
able” can be translated by “durable”. This “overlapping” between the two concepts
seems logical, since the increase in the durability and service life of the construc-
tions is an acting vector in the search for sustainability, in order to decrease the
environmental impact of buildings, because it directly contributes to a more rational
management of resources, reducing the production and disposal of waste
(DeSimone and Poppof 1998). In recent decades, the concept of sustainable
development has even led to a reassessment of the contribution of the construction
industry in the quality of life (Pearce 2003). The sustainable development of the
construction sector can be analysed in three dimensions: (i) environmental;
(ii) social; (iii) and economic (Mateus et al. 2008). A sustainable development can
only be achieved in these three levels if measures to reach sustainability are adopted
during all the phases of the buildings’ life cycle. In particular, during the use phase,
it is extremely important to carry out detailed planning of the maintenance needs
(Daniotti et al. 2008). Inversely, various authors (Takata et al. 2004; Donca et al.
2007) refer that maintenance actions, if properly implemented and planned in a
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rational and technically informed manner, allow increasing the buildings’ service
life (thereby contributing to improved durability and sustainability of buildings). In
practice, one of the most effective ways of optimizing maintenance actions in
buildings is through the knowledge how the building and their components dete-
riorate over time, estimating the instant after which it is necessary to intervene
(Talon et al. 2005). Generally, without this information, maintenance actions may
generate high costs associated with unnecessary interventions or urgent repairs,
which could be avoided. According to Vanier (1999), before implementing any
maintenance policy, a set of questions should be answered, in which it is necessary
to evaluate the condition of the element in question and its remaining service life, so
as to define the extent of the intervention that should be performed.

2.2.1 Criteria that Influence the End of the Service Life
of Buildings

During its life cycle, a building should meet a set of performance requirements, e.g.
safety, watertightness, compatibility to the substrate, visual comfort, durability,
among others. However, in some situations, the building’s components fail to fulfil
these requirements after some time. Obsolescence is also a concern for all owners
and users, for even if the building may fulfil the initial requirements, it may fail to
respond to new expectations or requirements especially when compared to (often
newer) available alternatives. Sarja (2005) defines obsolescence as the inability of
the building or its parts to adapt over time to the functional, economic and cultural
requirements. The usefulness of the buildings may also be compromised by their
inability to accommodate changes over time (Slaughter 2001); in fact, throughout
their life cycle, all the buildings experience changes, e.g. changes in its occupants or
their needs and expectations, renovations and/or extensions, the ageing and
replacement of components and systems (Cowan 1963; Brand 1997; Augenbroe
and Park 2002).

Construction assets suffer various types of depreciation throughout their life
cycle, in a process that begins as soon as the building is put into use (Rikey and
Cotgrave 2005), eventually leads to the end of the building service life. This process
is due to several factors: (i) physical deterioration; (ii) economic obsolescence;
(iii) functional obsolescence; (iv) technological obsolescence; (v) changes in the
social context; (vi) obsolescence due to the building envelope; (vii) legal obso-
lescence; (viii) aesthetic obsolescence; and (ix) environmental obsolescence
(Flanagan et al. 1989; Flores-Colen and de Brito 2010). Hovde (2002) refers as the
main reasons to establish the end of the service life of a building: (i) technical
aspects; (ii) economic aspects; (iii) environmental reasons; (iv) planning reasons—
e.g. when the demolition of a building or a structure leads to the construction of a
railway or other construction for public service; (iv) society requirements or
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technological development. On the other hand, Moser (2004) proposes a more strict
range of reasons, suggesting three main reasons to establish the end of the service
life of a building: (i) safety; (ii) functionality; and (iii) aesthetics. Gaspar (2009)
refers that despite the relative simplicity of the service life concept, the service life
is extremely difficult to predict or simulate through models, since it “depends on the
definition of acceptance criteria, which varies to the time, place and the stakeholder
and even with the social, economic, political, aesthetic, environmental context of
the building under analysis”. Generally, new performance requirements (usually
more demanding) are enforced all the time, leading to a constant investment to keep
up with them and to delay the degradation trend affecting the building elements.
Aikivuori (1999) states that, even if the building maintains its original properties
(not showing visible degradation), the end of its service life is inevitable due to the
evolution of the acceptance criteria, for example by comparing the existing situation
and a new available constructive solutions. In the definition of the service life
prediction methods it is therefore necessary to understand and incorporate the
maximum acceptable degradation level for the element under analysis—i.e. the
minimum acceptable level of performance—after which the element has reached
the end of its service life. This theoretical limit is not generally easy to specify
(Moser 2004); in fact, as mentioned by Iselin and Lerner (1993), there are no
rational criteria to guide the decision to intervene, but rather subjective and pro-
grammatic criteria. A study performed by Aikivuori (1999) shows that in only 17 %
of the situations, the decision to intervene is taken based on the building’s deteri-
oration and in 44 % of cases maintenance actions are performed based on sub-
jective criteria. This study also concludes that, when the decision to intervene is
based on technical criteria only, depending on the building’s degradation condition,
the rehabilitation action takes place later than it would if the criteria were subjective
(e.g. due to the aesthetic criteria). Sarja (2005) drew similar conclusions, referring
that the most prevailing reasons for heavy refurbishments or demolitions of
buildings are (i) obsolescence under changing use, (ii) demands of users and
(iii) general requirements of the society; and indeed not the buildings’ degradation
as we are led to believe.

Regardless of the variability of the acceptance criteria, the service life of
buildings can be distinguished into three main categories: (i) physical service life;
(ii) functional service life; and (iii) economic service life (Marteinsson 2003). The
physical or technical service life is related with the deterioration of the materials and
building elements. The deterioration of the construction elements occurs system-
atically, which implies that its failure rate increases over time (Zhang and Gao
2011). The physical deterioration of buildings is mainly due to the action of the
degradation agents (whether physical, chemical or mechanical) and the natural
ageing process. In several situations, design and construction errors, or the appli-
cation of inadequate materials, can contribute to the reduction of the physical
service life of buildings. The functional service life is directly related with the
expectations and demands of the users; Davies and Szigeti (1999) refer that, as is
the case of computer applications or the motor industry, the functional obsolescence
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of buildings occurs when they are unable to follow the users’ requirements. In the
real word, the service life of buildings is often conditioned by economic reasons;
Brand (1997) states that the economic service life can be defined as the time
elapsing since the construction is placed into use until the instant that it is replaced
by a more profitable solution. The author also refers that buildings do not reach the
end of their economic service life while the cost/benefits ratio is more attractive
than the alternatives. In this case, the end of the economic service life is reached
when the cost of replacing an element by another is lower than that of maintaining
the existing one. Naturally, over time, and with the emergence of new constructive
solutions (more economical, more durable and requiring less maintenance), build-
ings became economically obsolete.

This book addresses the physical service life of facade claddings, evaluating the
physical and visual degradation of the claddings analysed, as described ahead in
Sect. 2.5. In this study, the end of the service life is reached when the facade shows
a degradation condition considered inadmissible, i.e. when the maximum accept-
able degradation level is reached. This level is a theoretical limit that seems realistic
considering the local context of the study (the Portuguese context) but, as referred
before, this limit is subjective and difficult to define, since it varies according to the
users’ demands, changing over time.

2.3 Methodologies for Service Life Prediction

In the last decades, different methodologies for service life prediction and different
tools to support the decision-making process regarding the maintenance of con-
struction have been put forward. Nevertheless, these models have several short-
comings, essentially due to: the complexity of the degradation phenomena; the lack
of understanding of the degradation mechanisms and how these affect the con-
struction elements; the scarcity of reliable methods to quantify the durability and
service life of buildings (Lounis et al. 1998). In fact, the service life prediction of
buildings and their components can be a complex and time-consuming process that
is associated with many factors (Hovde 2004), such as the quality of materials, the
design and execution level, the indoor and outdoor environment conditions, as well
the use and maintenance conditions (ISO 15686-1: 2011). The researcher must
choose the best approach to the problem that he/she wants to model, considering the
advantages and limitations of each methodology (Freitas et al. 2013). Generally, in
the literature, the service life prediction methods have been grouped into deter-
ministic, stochastic and engineering models (symbiosis between the other two
methodologies) (Moser 2004; Lacasse and Sjostrom 2004). This classification is
also used in the next sections to describe the existing methodologies for service life
prediction.



2.3 Methodologies for Service Life Prediction 19

2.3.1 Deterministic Models

The deterministic models are based on the study of the degradation factors affecting
the elements under analysis, on the understanding of the degradation mechanisms
and, finally, on their quantification translated into degradation functions. These
degradation factors are then translated into formulas that express their action over
time until the maximum acceptable degradation level of the element analysed is
reached. These methods have significant advantages: are easy to understand and
apply; can be easily implemented; and maintain their operability even when all the
variables related with the modelled phenomena are unknown. However, these
approaches have been subjected to several criticisms, essentially due to the sim-
plistic way with which they deal with complex phenomenon such as the service life
of building’s components. According to Paulo et al. (2014), the deterministic
models are unable to capture the random nature of the degradation phenomena.
Various authors (Hovde 2000; Mc Duling et al. 2008) state that in the deterministic
models, the service life is given by an absolute value that does not provide any
information regarding the degradation process or related to the probability of
transition from one degradation condition to another. Nevertheless, these methods
have produced practical solutions to the problem and are widely used; they have
also provided the basis for the international standard for the durability of buildings
(ISO 15686: 2011).

Within the deterministic methods, empirical methods have been developed in
order to evaluate the durability (or loss of performance) of a building or its com-
ponents under real conditions of service, at different stages of its service life, based
on data collected during field work (Shohet and Paciuk 2004; Gaspar and de Brito
2008). In these methods, the characterization of the buildings’ degradation condi-
tion is performed through the definition of a classification system for defects and
degradation ratings in order to express the physical and functional degradation of
the elements under analysis, which can be converted into quantitative information.
Based on this information, the loss of the material’s capacity to answer the req-
uisites demanded can be expressed by degradation functions (Bordalo et al. 2011).
In practice, after collecting the fieldwork information regarding the degradation
condition of the facades—which needs to be converted to quantitative, numerical
data—service life can be estimated using a graphical procedure and a statistical
analysis of the evolution of degradation over time. The evolution of degradation is
thus represented graphically by degradation curves that can be associated with
specific degradation mechanisms (Shohet et al. 1999; Florentzou et al. 1999). This
methodology is implemented and described in Part 3A of this book.
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2.3.2 Stochastic Models

Due to the uncertainty associated with the building’s performance, it is often
necessary to use probabilistic models to predict the service life of the construction
elements (Ross 1996). In the probabilistic methods, the degradation of construction
is regarded as a stochastic process, which is described by a set of random variables
that define probabilistic parameters affecting the average degradation curve (Moser
2003).

These methods are usually quite complex and require an extensive data col-
lection to obtain sufficiently representative samples, which is not always possible,
due to time and cost constraints (Re Cecconi 2002). According to this author, the
translation of these models into real situations can be complex, which implies that
these methods are only profitable on large-scale projects. In fact, these methods are
often beyond the reach of a common designer, due to the impossibility of this
acquiring all the necessary knowledge in the time required for the application of the
methodology (Moser and Edvardsen 2002). Stochastic models are usually associ-
ated with three main drawbacks, which can restrict their application: (i) the high
complexity of the mathematical expressions used; (i) the large amount of data
required necessary to validate the model, which should preferably be collected over
a long period of time; (iii) the great dependence of the fieldwork.

In the literature, there are several studies addressing the application of proba-
bilistic methods for service life prediction

e Markov chains are a probabilistic method widely used in the study of the
deterioration of buildings. This method is based on the assumption that a
deterioration model can be defined based on a limited number of conditions,
evaluating the probability of transition between a degradation level to the next
one (Frangopol et al. 2004);

e Using a development of the Markovian transition matrix, Mc Duling et al.
(2008) suggest a hybrid model between artificial intelligence and fuzzy logic
(neuro-fuzzy artificial intelligence) that allows translating the rate of changes
between degradation states, incorporating the effects of maintenance actions in
the buildings service life prediction;

e Liang et al. (2001) suggest a model based on fuzzy logic to evaluate the service
life of bridges, in which the end of service life is defined based on a minimum
security index, by assessing the state of degradation of the existing elements;

e Leira et al. (1999) propose the Trend plots method, which is a simple statistical
tool for forecasting rehabilitation needs, requiring a large amount of information
regarding the durability of a given element to be applied;

e The European project Energy Performance Indoor Environment Quality Retrofit
(EPIQR) proposes a tool for diagnosis and support of decision-making regarding
the maintenance actions, based on the classification of the buildings’ degradation
condition in four states, ranging from “a” (best condition) and “d” (worse state
condition, requiring an immediate intervention) (Balaras et al. 2000);
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e The MEDIC method (Méthode d’Evaluation de scénarios de Dégradation
probables d’Investissements Correspondants), proposed by Flourentzou et al.
(1999), is based on the EPIQR tool and uses the theory of conditional proba-
bilities (Bayes’ theorem) to evaluate the transition between degradation states
over time, allowing evaluating the residual service life of the buildings, thus
predicting the investments necessary to the buildings’ rehabilitation;

e Some probabilistic methods are based on the concept of fault and decision trees,
assessing the durability of structures based on the definition of deterioration
levels and the conditional probability of transition until their failure (Faber and
Gehlen 2002).

Despite these approaches, the majority of the probabilistic models proposed in
the literature focus one type of material only—usually reinforced concrete—sub-
jected only to a degradation agent (usually chloride attack) (Lounis et al. 1998;
Abraham 2002; Siemes and Edvardsen 1999; Edvardsen and Mohr 2000).

2.3.3 Engineering Models

The engineering “design” methods are a symbiosis between the two previous
methods. These models are as easy to learn, understand and implement as the
deterministic methods, but allow describing the degradation process in a stochastic
way (Re Cecconi 2002). Usually, engineering models possess an acceptable level of
complexity and are implemented using probabilistic data, leading to simple deter-
ministic equations. According to Daniotti and Spagnolo (2008), engineering
methods can be used to identify in a more analytical way the degradation phe-
nomena, thus allowing the implementation of this information in the design stage or
establishing a methodical planning of maintenance actions. Some of the best known
engineering methods are

e The Failure Modes and Effects Analysis (FMEA) method, which was initially
developed by the aerospace industry and later used in mechanical and electrical
engineering; it has rarely been used in the construction sector (Lair 2003).
Nevertheless, when applied to the construction sector, this method can be used
for the certification of construction products, allowing obtaining an as complete
as possible list of the degradation agents and failure mechanisms that can act in
building elements during their use phase (Talon et al. 2005);

e The Performance Limits method, whose aims are to evaluate the durability of
building components by simulating their performance over time, until their
physical or performance limit has been reached. In this method, the degradation
phenomena is evaluated by a chain of events: agents — actions —
effects — deterioration (Daniotti and Spangolo 2008);

e Besides these methods, the probabilistic approach of the factorial method can
also be seen as an engineering model. In this approach, the quantification of the
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durability factors is performed based on probability density functions instead of
absolute values, (Moser 1999; Aarseth and Hovde 1999; Moser 2004).
Therefore, this model combines the simplicity of the factorial method and the
probabilistic analysis of the degradation factors.

2.4 Normative Framework for the Service Life Prediction
of Buildings

Currently there are numerous standards and guidelines that intend to establish
standardized methodologies to evaluate the durability and service life of buildings
and their components. In 1979, the Architectural Institute of Japan decided to
organize a technical commission in order to systematize the concept of durability of
constructions. This study led to the creation of the first normative document
addressing the durability and service of life of buildings and their components: the
Japanese guide developed in 1989, later translated to English under the title
“(Japanese principal) guide for service life planning of buildings” (AIJ 1993). The
Japanese guide establishes a set of recommendations for the service life prediction
of buildings, their components or equipments, assuming that the end of their service
life is determined by physical deterioration or obsolescence (Rudbeck 2002). This
methodology is the basis of the factorial models, leading to a number of studies and
standards currently published. Also, in Japan, with the approval of the Housing
Quality Assurance Law (HQAL 2000), a series of measures were imposed in order
to monitor the degradation of buildings and their components (Nireki 1996). Other
guiding documents for the rehabilitation of buildings were put forward, such as the
Guide to Condition Assessment for Refurbishment (1993) and Design Guide
Refurbishment (1999).

In 1992, the British Standards Institute published standard 7543 for durability
“British guide to durability of building elements, products and components” (BS
7543: 1992) that lists various methods to estimate the service life of construction
products: (a) through past experience, using similar buildings, subjected to similar
use and climatic conditions; (b) by evaluating the degradation level of the elements
in a short period of use or exposure, estimating the value for which the durability
limit is reached; (c) through accelerated ageing tests, which is a complex approach,
due to the need to simulate real situations that have many variables to be consid-
ered. BS 7543 proposes defining the service life of buildings as a function of the
type of use; buildings are classified into five categories: temporary buildings, with a
service life of less than 10 years; short-lived buildings, such as storehouses, with a
service life of at least 10 years; average buildings, such as industrial buildings, with
a service life of at least 30 years; current buildings, such as new housing, hospitals
and schools, with a service life of at least 60 years; long-living buildings, such as
public buildings, with a service life of at least 120 years. The standard also
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prescribes that facade claddings must guarantee a service life similar to that of the
building, with proper periodic maintenance.

Inspired by the Japanese guide, the International Organization for
Standardization (ISO) proposed an international standard for the service life pre-
diction of buildings, based on a recommendation of RILEM (International Union of
Testing and Research Laboratories for Materials and Structures) (Frohnsdorff et al.
1996). Currently, the ISO 15686 “Building Service Life Planning” standard has
eleven parts that define the general principles, framework and procedures of the
proposed service life prediction methodology. Moreover, this standard defines the
functional performance criteria to be fulfilled in the design phase and throughout
the buildings’ life cycle, which ultimately contribute to the definition of the end of
the service life of the elements under analysis (Hed 1999). The ISO 15686 standard
is one of the most relevant information sources regarding service life prediction and
is composed of the following parts (Sjostrom and Davies 2005; Haapio 2008):
(1) ISO 15686-1: 2011, which defines the general principles to be adopted in the
design phase, in order to ensure the buildings’ durability; (ii) ISO 15686-2: 2012
(Service life prediction procedures); (iii) ISO 15686-3: 2002 (Performance audits
and reviews); (iv) ISO 15686-4 (Data requirements/data formats); (v) ISO 15686-5:
2008 (Life cycle costing); (vi) ISO 15686-6: 2004 (Procedure for considering
environmental impacts); (vii) ISO 15686-7:2006 (Performance evaluation for
feedback of service life data from practice); (viii) ISO 15686-8: 2008 (Reference
service life and service life estimation); (ix) ISO 15686-9: 2008 (Service life dec-
larations); (x) ISO 15686-10: 2010 (Using requirements for functionality and rat-
ings of serviceability during the service life); (xi) ISO 15686-11 (Terminology).

Other documents and guidelines have been developed within the service life
prediction of buildings (Rudbeck 2002; Lacasse and Sjostrom 2004; Kooymans and
Abbott 2006), in countries like: (i) Nordic countries, which established a joint
committee in 1976 to develop a Nordic model for the creation of standards based on
the performance of buildings; (ii) Norway, which established a standard that
specifies the performance criteria, as recommendations for maintenance and reha-
bilitation of buildings (NS 3422: 1994); (iii) Denmark, through the Danish
Building Defects Fund committee that, since 1986, promotes projects (such as
Quality-Assurance Danish and Liability Reform) that intend to reduce the defects in
buildings, improving their performance (e.g. through the knowledge of the beha-
viour of building materials in service); (iv) the Netherlands, where the first stan-
dards based on performance requirements were defined, which subsequently formed
the basis for the development of the European Directive on Construction Products;
(v) New Zealand Building Code, which establishes the service life of buildings,
depending on the easiness of the access to the component under analysis, the
easiness of repair and the defects detection; (vi) USA, through the Partnership for
Advancing Technology in Housing (PATH) and the American Society for Testing
and Materials (ASTM); (vii) Canada, with the Standard S478: Guideline on
durability in buildings, which describes the main methodologies for service life
prediction.
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In addition to the normative documents, a set of reference documents has been
published that propose estimated service lives (average, standard values) for con-
struction elements: (i) the HAPM (Housing Association Performance
Management), which establishes a range of estimated service life values for a wide
range of building components, depending on the materials’ characteristics and their
exposure conditions; (ii) the NAHB (National Association of Home Builders) that
provides an estimated service life for the construction elements based on the
opinion of experts and manufacturers.

Internationally, some I1&D companies developed studies in the service life pre-
diction area, namely: (i) TNO (Netherlands Organisation for applied scientific
research), which applies the knowledge on the service life of current buildings in
order to reduce the maintenance costs of these elements; (ii) Building Research
Establishment (BRE), which provides expertise services in the detection and cor-
rection of defects and the context of life cycle analysis (economic and environmental)
of the construction elements. Other organizations have developed studies concerning
the durability and service life of structures, such as the International Association for
Building Materials and Structures (RILEM) and the International Council for
Research and Innovation in Building and Construction (CIB). Within CIB, some
commissions address the durability and maintenance of buildings, such as the
committees: (1) W60—Performance concept in building; (ii)) W70—Management
maintenance and modernization of buildings facilities; (iii) W086—Building
Pathology; and (iv) W094—Design for durability. On this subject, the W0O80 com-
mission—Prediction of service life of building materials and components—with the
cooperation of the Committee TC59 Technical of RILEM, has been actively working
within the service life prediction of constructions.

2.5 Degradation Phenomena of Facade Claddings

Buildings are composed by different components that reach the end of their service
life in different stages of the buildings’ life cycle. Various authors (Brand 1997,
Slaughter 2001; Gaspar 2009) subdivide the building in durability layers, i.e. in
construction subsystems whose degradation occurs at different rates, among which
are the “structure”, the “skin”, the “systems” and the “interior lay-out and finishes”.
The facade can be seen as the “skin” of the building, contributing to increase the
durability of the structure, protecting it from the environmental agents. Since the
cladding is the most exterior layer of the building, and therefore more exposed to
agents causing degradation, it is also more prone to defects. In fact, a research
carried out by the BRE concluded that facades are the building component most
affected by pathological manifestations, representing 20 % of the defects detected
in current buildings (Watt 1999). Facades also present a very important aesthetic
function since they represent the public image of the building. Their visual
degradation not only affects the quality of urban space and impact on the perception
of buildings and—indirectly—of their owners, but is also a major concern for the
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latter, since in the majority of the cases, maintenance and rehabilitation actions are
performed based on the appearance of the building only (Balaras et al. 2005).

2.5.1 Data Acquisition Methods to Establish Service Life
Prediction Models

Service life prediction is a multidisciplinary research field, which should be based
on the knowledge acquired from materials’ science, laboratory testing and from the
behaviour of building elements in service conditions (Sjostrom 1985). An efficient
evaluation of the service life of construction elements must take into account
various random factors, such as the natural ageing of materials and the environ-
mental exposure conditions.

The data related with the durability of building components can be obtained
through various methods. Clifton (1993) states that the methodologies for the
service life prediction of structures can be based on: (i) previous experience; (ii) the
performance of the materials analysed under similar conditions; (iii) laboratory
tests, e.g. accelerate ageing tests; (iv) mathematical models to describe the physical
and mechanical degradation processes; and (v) through the application of reliable
stochastic models. Gaspar and de Brito (2008) refer that in the definition of models
to simulate the degradation of facades claddings over time two approaches can be
used: (i) laboratory testing; and (ii) the evaluation of the condition of the elements
under analysis, in real situations, based on in situ surveying work. Laboratory
testing presents an important role in assessing and understanding the performance
of materials and construction elements, for which they employ a single arbitrary set
of stringent conditions (say, the combined effects of temperature and moisture
variations). NorvaiSiené et al. (2003) refer that this approach has as main advantage,
the speed with which they can obtain results, regardless of the relevance of the
experimental conditions, compared with the study of degradation of materials in
real service conditions. Rimestad (1998) and Augenbroe and Park (2002) state that
the field data on the performance of buildings should be used whenever possible,
which can also be applied to guide the definition of the accelerated ageing tests.
However, according to Frohnsdorff and Martin (1996), such artificial reduction of
the degradation effects fails to simulate the holistic effect of the environmental
actions that together contribute to the degradation of the building elements.
A number of authors further indicate that the relationship between the exposure
conditions in the laboratory and real life in-use situations is not generally known or
easy to establish, even in the case of natural ageing tests in monitored conditions
(Kus and Carlsson 2003). In fact, after installation, a building is exposed to a
number of environmental agents whose combined actions are not easily modelled
and reproduced.

To assess the durability of buildings through the analysis of their behaviour in
service, various techniques can be used ranging from destructive tests carried out
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in situ to visual inspections. Destructive testing provides accurate information on
the performance and characteristics of materials and building components, but they
are often expensive and require repair work afterwards. On the contrary,
non-destructive assessment methods—most notably, visual inspections of building
elements—are generally less expensive, faster to carry out and may be very useful
in providing relevant information regarding the degradation process of materials
(Meola et al. 2005). Often do they also provide relevant enough early warnings of
problems that may occur that can be avoided by repair work or further investigated
by on site destructive testing.

In this study, the description of the degradation condition of the facades analysed
is based on visual inspections. Visual inspections are an easily grasped method but
present some limitations since their accuracy depends significantly on the
experience/background and classification criteria of the surveyor. This method also
depends on the atmospheric conditions at the time of the inspection (e.g. the dif-
ficulty of detecting defects in smooth and dark claddings when under direct solar
exposure). On the other hand, this method does not usually require costly equip-
ment, and it is often perfectly adequate to determine the degradation condition of
the elements under analysis. Usually, a straightforward visual inspection is con-
sidered sufficient to evaluate the degradation state of the facades claddings, and it is
sufficient for the surveyor to collect in situ the data regarding the defect type, its
intensity and extension (Straub 2003).

2.5.2 Systemic Analysis of the Facades Degradation
Condition

In this study, four most current types of claddings are analysed, based on their use
in Portugal

e Natural stone claddings—this type of claddings has a large variability con-
cerning its construction technology; it can comprise various types of stone,
different thicknesses and different types of finishing. Additionally, there are
several fastening technologies, e.g. it can be directly adhered to the substrate or
it can be applied indirectly with the application of metallic elements. Stone
claddings correspond to 14.6 % of the claddings existing in Portugal (Census
2001). The sample analysed comprises 203 stone claddings; the oldest building
was built in 1891 and later rehabilitated in 1948, and the newest building dates
from 2008. In this study, a comprehensive sample is analysed, representative of
the type of natural stone found in Portuguese claddings;

e Rendered fagades—these claddings are traditionally composed of a binder
(cement, lime or both), sand, water and other minor constituents; the compo-
sition of the mortar (content of the various constituents) depends on their
function. Generally, traditional renderings are applied in three distinct layers
(spatterdash, base coat and finishing layer), with a small thickness to facilitate
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their drying and a gradual decrease of the binder’s content from the inside to the
outside layer, thus minimizing occurrence of cracking in the cladding (Kus
2002). In Portugal and in most European countries, rendered facades are the
most common type of cladding (Flores-Colen et al. 2010). In this study, 100
rendered facades are analysed with different typologies and ages under 60 years;

e Painted surfaces—Portuguese standard NP 41 (1982) defines paint as a liquid, in
paste or solid material, with a pigmented composition, which is converted after a
period of time into a solid film, coloured and opaque, when applied in a thin
layer on a suitable surface in the state in which it is provided or after fusion,
dilution or dispersion in volatile products. Generally speaking, paints are con-
stituted by pigments, fillers, binder or vehicle (fixed and volatile) and additives.
Painted surfaces, like rendered facades, are a very common cladding solution
adopted in Portugal. In this study, 220 painted surfaces are analysed; these
paintings were applied on rendered fagades or over existing paintings belonging
to the building stock of Lisbon, with a range of ages of 18 years;

e Ceramic tiling systems—this cladding system comprises the ceramic tile, the
substrate, the adhesive material needed to ensure the bond between the tile and
the substrate, and the filling material for the joints (Chew 1999). Ceramic
claddings represent a small percentage of fagade claddings in Portugal (5.5 % in
buildings built between 1946 and 2001) (Flores-Colen et al. 2008) and their use
is often associated with fashion trends (Bordalo et al. 2011). For this reason, the
sample analysed (195 case studies) comprises a wide range of construction
dates, with an historical peak for the use of this cladding in the period 1920-
1949, due to socio-economic reasons.

This study is intrinsically related to various studies performed at Instituto
Superior Técnico of the University of Lisbon (as mentioned in Part 1), already
published in a number of ISI-indexed journals that address the service life of
construction elements. Therefore, this study applies fieldwork data gathered and
analysed in previous studies, namely: (a) the 203 stone claddings are composed by a
comprehensive sample collected by Silva et al. (2011) and Emidio et al. (2014);
(b) the 100 rendered fagades analysed are initially analysed by Gaspar and de Brito
(2008); (c) the 220 painted surfaces are inspected by Chai et al. (2014); and (d) the
ceramic tiling systems are collected by Bordalo et al. (2011) and Galbusera et al.
(2014).

All these studies apply the same methodology in the systemic analysis of the
degradation condition of the fagades analysed (Fig. 2.1). The first step for the
application of this methodology is the characterization of each case study; for that,
complementary information (location, drawings, documentation from the
Municipalities and other relevant data) was collected for each case study.
Furthermore, an inspection and diagnosis file is created, where the gathered data
can be grouped into two categories: facade condition and durability related data.
Concerning the data related with the facade’s condition, the following information
is collected (Silva et al. 2013b): (i) a detailed survey of the fagade’s dimensions;
(ii) the list and description of the defects detected, their extent within the facade and
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their location; (iii) an indication of the probable causes; (iv) a list of the diagnosis
means and inspection techniques adopted in data collection; (v) the definition of the
severity of the defects detected to be used later on the definition of the degradation
models. The durability related data include the following information: (i) the
identification number of the case study; (ii) the building’s location; (iii) date and
nature of the last intervention on the facade; (iv) construction size and geometry;
(v) material’s characteristics (type of material, colour, texture, among other
parameters); (vi) design factors; (vii) level of detail and execution; (viii) potential
critical points in the facade (e.g. balconies or protruding elements); (ix) environ-
mental exposure conditions (temperature, exposure to damp, wind-rain action);
(x) type of use.

The survey of the fagades during fieldwork is complemented with photographs,
direct measurements and diagrammatic sketches. Subsequently, this information is
processed by computer, using image processing applications, computer-aided
design and calculus spreadsheets. Additionally, the users and owners of the
buildings inspected are also inquired. During fieldwork, the inspector should
carefully characterize the building’s pathological situation, since defects with
accidental causes or due to vandalism cannot be used to feed the degradation
models, since they are unpredictable and do not represent the natural degradation
process of the elements under analysis. In this methodology, the variable ‘age’ is
given by the period of time elapsing between the last significant intervention in the
cladding—e.g. generalized repair, with partial or total replacement of the cladding—
and the inspection date. The information concerning the last intervention is obtained
through the documentation from the Municipalities or provided by the owners of
the buildings surveyed.

2.5.2.1 Definition of Degradation Conditions

Currently, there are various methods to assess the degradation condition—often
referred to as degradation level—of building’s components. Usually, these methods
are established based on the importance rating of the construction elements, the
rating of the defects and the definition of the condition parameters associated with
the defects (Straub 2003). Several authors have established classification systems
for defects and degradation ratings in order to express the visual and functional
deterioration of the elements analysed (Balaras et al. 2005; Shohet et al. 1999;
Marteinsson and Jonsson 1999; Freitas et al. 1999; Brandt and Rasmussen 2002;
Chew 2005). Generally, these classification systems consist of rating the defects
according to a scale of discrete variables, which varies from the most favourable
condition (no visible degradation) to the most unfavourable condition (generalized
degradation or loss of functionality). In more simplified approaches, each degra-
dation condition is established based on a set of reference characteristics analysed in
real situations during the fieldwork. Even though they are easy to use and interpret,
these classification systems present some limitations since the scales adopted pro-
vide qualitative degradation parameters only (instead of quantitative ones). To
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Framework of the case study
Initial conditions Collection of complementary information: location,
drawings, documentation from the Municipalities, and

other relevant data.

Definition of the information
b coll 1 [ Inspection and diagnosis file ]
[ ) |
Fagade’s Durability
Delinkion o e R condition related data
conditions - Design conditions -Exrmofr.‘ne.do_feqa
- Environmental conditions « Defecu location

- Maintenance conditions = Severity of the defacts

Numerical index that depends on:
Quanuﬁcatlon of the overall $ - The area affected by the different defects detected;
E : - A weighting factor related to the seventy of each defect;
L - Aweighting factor that expresses the relative weight of each

defect on the overall degradation of the cladding analysed.

Fig. 2.1 Methodology used in the systemic analysis of the fagades degradation condition

overcome these limitations, Shohet and Paciuk (2004) suggest a moderately com-
plex system in which each degradation level is associated with the extent of the
defect detected. In these models, the degradation severity is rated based on the
defects detected at the inspection only. This method shows some limitations due to
the difficulty of knowing with certainty the future consequences of the defects
detected; therefore, Florentzou et al. (1999) suggest the implementation of a risk
concept in the definition of degradation levels, in which the degradation conditions
are defined as a function of the consequences of the problems detected, leading to
the definition of risk in probabilistic terms that generally varies from O (no prob-
ability of occurrence) to 1 (maximum probability of occurrence). Van Winden and
Dekker (1998) propose a degradation scale with six levels, where the weight of the
proposed degradation levels is not linear; the authors relate each degradation
condition to a numerical weight, thus providing an exponential relationship
between the degradation levels.

Based on the different degradation scales proposed by various authors, in this
study, the degradation conditions of the fagade claddings analysed are defined
according to the extent of the fagade affected by each group of defects and taking
into account the importance of the different defects within each group in terms of
gravity. The degradation conditions considered vary between A (no visible
degradation) and E (generalized degradation); condition D corresponds to the end
of the claddings service life, assuming that a cladding with a degradation condition
above this level is no longer capable of performing the function for which it was
designed and requires comprehensive rehabilitation actions in order to restore its
essential properties. In the next sections, the various degradation scales adopted for
the different claddings analysed are proposed. These scales were previously defined
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in different studies performed in this area. Although this information is essential for
the definition of the service life prediction models, the detailed discussion of the
scales adopted is outside the scope of this book, since these scales were previously
presented and discussed by several authors duly referenced.

Natural Stone Claddings

The degradation of natural stone claddings is influenced by several factors, such as
the incidence of wind and rain, considered as one of the main physical agents of
deterioration of natural stone (Camuffo 1995; Barberousse et al. 2007). However,
the degradation of stone claddings is often due to the poor quality and unsuitability
for use of the type of the stone applied, due to its high porosity associated with a
low mechanical strength, which promote the presence of defects (Shohet et al.
1999). This study focuses on stone directly adhered to the substrate—often glued to
the wall-—and does not address cladding systems in which the stone is held by
fasteners. The defects in stone claddings studied are arranged into four groups
(Silva et al. 2011):

e Visual or surface degradation (Fig. 2.2)—these defects generally affect the
cladding, not contributing to the failure of the cladding system, and do not
represent a risk to its integrity. These are the most common defects, appearing
prematurely in some cases due to design or execution errors;

¢ Joint defects (Fig. 2.3)—which include situations in which the cladding’s joints
do not function adequately and may even lead to the occurrence of new defects;

e Loss of bond to the substrate (Fig. 2.4)—which characterize the situations
when stone material is lost either in small proportions (scaling) or significant
proportions (loss of adhesion); these defects usually compromise the integrity of
the cladding, jeopardizing the safety demands of the cladding and sometimes
constitute a risk for people and property;

¢ Loss of integrity (Fig. 2.5)—which affects irremediably the stone, due to the
alteration of the physical and chemical properties of the natural stone, also
leading to the visual deterioration of the cladding.

Fig. 2.2 Visual or surface degradation defects in natural stone claddings (from left to the right):
efflorescence, localized stains (rising dump), parasitic vegetation, biological growth and flatness
deficiencies



2.5 Degradation Phenomena of Facade Claddings 31

Fig. 2.3 Joint defects (from left to the right): lack of linearity between the joints of stone plates,
material loss—open joint and scaling of stone near the joints

Fig. 2.4 Bond-to-substrate defects in natural stone claddings (from left to the right): loss of an

element in the stone cladding and partial loss of stone material

Fig. 2.5 Loss-of-integrity defects in natural stone claddings (from left to the right): fracture,
cracking, erosion, exfoliation and alveolarization of stone plate

Table 2.1 shows the degradation conditions for natural stone claddings.

The degradation levels for the defects in joints and those related to loss of bond
to the substrate leap directly from condition A to condition C, because it was
considered that conditions below condition B did not represent the gravity of these
defects from the moment they are detected.
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Rendered Facades

According to Gaspar and de Brito (2005), the extensive application of renderings as
exterior claddings is essentially due to their low cost and the low technology
required to their execution when compared to the other types of cladding systems.
However, the low investment in this type of cladding often leads to high levels of
degradation in the facades (Freitas et al. 1999). The diagnosis of the degradation in
rendered facgades is not easy, given the variability of causes that can contribute to a
given defect. Nevertheless, during their life cycle, rendered facades present a rel-
atively clear degradation pattern, which starts with the presence of surface dirt, soot,
stains, and in some situations small cracks, which evolve over time, until the loss of
adhesion of the renderings (Gaspar and de Brito 2008). The defects present in
rendered fagades can be grouped in three main categories

¢ Visual or surface degradation defects (Fig. 2.6)—essentially characterized by
the presence of stains, often associated with the presence of damp (Chew and
Ping 2003); these defects are the less severe, not compromising the claddings’
service life;

e Cracking (Fig. 2.7)—these defects are more severe than staining, however,
they do not usually jeopardize the claddings’ safety and are a natural conse-
quence of the claddings behaviour (Bone et al. 1989; Bonshor and Bonshor
2001);

sy,

Fig. 2.6 Visual or surface degradation defects in rendered fagades (from left to the right):
thermophoresis, biological growth, efflorescence, colour change (data sourced from Gaspar 2009)

Fig. 2.7 Cracking defects: mapped cracking in rendered fagades (leff) and oriented cracking
(right) (data sourced from Gaspar 2009)
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Fig. 2.8 Loss of adhesion or cohesion in rendered fagades (from the left to the right): detachment,
pulverulence, arenization, erosion (data sourced from Gaspar 2009)

o Loss of adhesion or cohesion (Fig. 2.8)—this group of defects corresponds to
the most serious situations and are caused by different factors, such as the
combination of cracking with the presence of water (Hansen et al. 1999), often
leading to the end of the service life of the renderings.

Based on this classification of the defects, five degradation conditions are
established for rendered facades, where condition A corresponds to the most
favourable situation and condition E to the most serious one (generalized degra-
dation). Table 2.2 shows the proposed degradation conditions for rendered fagades.

Painted Surfaces

In painted surfaces, there are several factors that promote the presence of defects,
such as the design and application conditions, the drying circumstances and the
environmental exposure conditions, among others. The degradation of painted
surfaces not only leads to the loss of their aesthetic performance but may also
jeopardize their protective function. For painted surfaces, the degradation levels are
defined in terms of the intensity and type of defect, regardless of the extent of the
pathological manifestation. The extent is taken into account at a later stage, when
the overall level of degradation of the fagade coating is defined. In this case, this
assumption is adopted since there are several Portuguese standards currently
enforced (NP EN ISO 4628-1: 2005; NP EN ISO 462 8-2: 2005; NP EN ISO
4628-4: 2005; NP EN ISO 4628-5: 2005; NP EN ISO 4628-7: 2005) that allow
establishing the criteria to evaluate the degradation conditions of painted surfaces.
Based on these standards, four main defects that affect paint coatings are considered
(Chai et al. 2014)

e Staining/colour change (Table 2.3 and Fig. 2.9)—which mainly affect the
aesthetic appearance of paintings, usually occurring at the early stages of the
paintings service life;

e Chalking (Table 2.4)—it generally occurs after loss of gloss and causes wear,
detachment and loss of material. Given the difference (in terms of the coating’s
durability) between small and moderate/high scale chalking, it was decided to
adopt a nonlinear degradation scale, considering very low degradation levels
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Table 2.2 Proposed degradation levels for rendered fagades (data sourced from Silva et al.

2014a)

Condition
levels

Severity of
degradation (%)

Physical and visual
assessment

Illustrative example

Level A

<1

Complete mortar surface with
no deterioration. Surface even
and uniform. No visible
cracking or

cracking < 0.1 mm.
Uniform colour and no dirt.
No detachment of elements

Level B

1-5

Non-uniform mortar surface
with likelihood of hollow
localized areas determined by
percussion, but no signs of
detachment. Small cracking
(0.25-1.0 mm) in localized
areas. Changes in the general
colour of the surface.
Eventual presence of
microorganisms

Level C

Localized detachments or
perforations of the mortar.
Hollow sound when tapped.
Detachments only in the
socle. Easily visible cracking
(1.0-2.0 mm). Dark patches
of damp and dirt, often with
microorganisms and algae

Level D

15-30

Incomplete mortar surface due
to detachments and falling of
mortar patches. Wide or
extensive cracking (>2 mm).
Very dark patches with
probable presence of algae

Level E

>30

Incomplete mortar surface due
to detachments and falling of
mortar patches. Wide or
extensive cracking (>2 mm).
Very dark patches with
probable presence of algae

(conditions A and B) and moderate or high levels (levels D and E) of the defect;
finally, in advanced degradation situations, very pronounced chalking may
cause total or local obliteration of the paint pellicle, leaving the rendering bare;
this is considered to signal the end of the cladding’s service life (level E);

e Cracking (Table 2.5 and Fig. 2.10)—the ranking by degradation level of this
defect is based on visual patterns, in terms of cracking frequency. Contrary to
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Table 2.3 Definition of degradation levels for stains/colour change defects in painted surfaces
(data sourced from Chai et al. 2014)

Level A
Intensity of the change No degradation visible
Defects characterization Without visible defects

Examples
com R M
Description No perceptible changes
Level B
Intensity of the change Slight or little perceptible changes
Defects characterization Uniform surface dirt; Change in colour or brightness
Examples
Description Little perceptible uniform surface dirt Little perceptible change in colour
Level C
Intensity of the change Moderate or quite perceptible changes

Defects characterization Uniform surface dirt; Change in colour or bri

Examples

Description Quite perceptible uniform surface dirt Quite perceptible change in colour
Slight or little perceptible changes
v stains; Efflorescence

Intensity of the change
Defects characterization Localized surface dirt; Humidit

Examples
Description Light humidity stains
Level D
Intensity of the change Moderate or quite perceptible changes
Defects characterization Humidity stains; Efflorescence; Biological growth; Localized surface dirt
Examples
Description Quite perceptible humidity stains Quite perceptible biological growth
Examples
Description Quite perceptible localized surface dirt Quite perceptible efflorescence

Intensity of the change High or very perceptible changes
Defects characterization Uniform surface di in colour or brightness

Examples
- Very perceptie uniform Very perceptible Localized surface Very perceptible change in
Description N . ! . : . N
surface dirt and change in dirt colour (discoloration)
colour
Level E
Intensity of the change High or very perceptible changes

Defects characterization wth

Biological gro
—_—

Examples

Description Very perceptible biological growth
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Fig. 2.9 Visual or surface degradation defects in painted surfaces (from left to the right):
biological growth, colour change, efflorescence and damp stains (data sourced from Chai 2011)

Table 2.4 Definition of

! Degradation level Quantity
degradation levels for Level A No dearadati ibl
chalking defects (data sourced ceve 0 degradation visible
from Chai et al. 2014) Level B—Good Clearly perceptible
Level D—Moderate degradation Quite perceptible
Level E—Generalized degradation Very perceptible

other materials, in paintings, cracking is usually less than 1 mm wide, which
makes it difficult to distinguish the size without magnifying equipment
(Table 2.6);

¢ Loss of adherence (Table 2.7 and Fig. 2.11)—these defects usually arise from
the combination of various other defects and degradation mechanisms.
Therefore, two situations are considered: (i) blistering and (ii) peeling. Due to
the severity of these defects, every blistering occurrence has a severity degree of
C or higher and every peeling occurrence is condition D;

Ceramic Tiling Systems

Ceramic tiles present a huge variety of sizes, colours, textures, among other
characteristics, thus being considered in Mediterranean countries as one of the
noblest materials for cladding (Silvestre and de Brito 2009; Bovea et al. 2010).
Although there are very old buildings that testify the durability of this type of
cladding (e.g. buildings more than a hundred years old with their ceramic cladding
intact), in recent decades there has been a significant decrease in the use of this type
of cladding. Various authors (Mansur et al. 2008; Wetzel et al. 2010) refer as the
main reason for the decline in the use of ceramic tiling system the high incidence of
defects throughout their life cycle. Shohet and Laufer (1996) refer that adherent
ceramic tiles are extremely susceptible to design and execution errors, as well as to
the choice of materials applied. Bordalo et al. (2011) also mention other causes for
the premature failure of these claddings, such as the growing demands of the
construction market, which implies the reduction of the construction delivery times
and the poor education of technicians involved at design and execution phases.
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Table 2.5 Definition of degradation levels for peeling and blistering defects in painted surfaces

(data sourced from Chai et al. 2014)

Level A
Defect characterization No degradation visible

Level C

Defect characterization Blistering

Quantity and size of thg areas affected Small amount and size up o 3 cm
(greatest size)
Visual scale [NP EN ISO 4628-2, 2005 e
NP EN ISO 4628-5, 2005]

Level D

Defect characterization Blisterin,

Quantity and size of the areas affected (greatest size) Small amount and size between 3 Moderate amount and smaller than 3 cm

and 5 cm
"
Visual scale [NP EN ISO 4628-2, 2005 ¢ NP
EN ISO 4628-5, 2005] »
L £
Defect characterization Pecling

uantity and size of the areas affected (greatest size Small amount (area affected up to 1%) e size up to 3 cm
ty P P

-
Visual scale [NP EN ISO 4628-2, 2005 ¢ NP -
EN ISO 4628-5, 2005] -
.
Level E
Defect characterization Blistering
Quantity and size of the areas affected (greatest Larger than 5 cm, Dense pattern regardless Moderate amount ¢ and
size) regardless of the amount of the size dimension between 3 and 5 cm
. o
e
Visual scale [NP EN ISO 4628-2, 2005 e -.
NP EN ISO 4628-5, 2005] 5 *
N ) ’
Defect characterization Peeling
Quantity and size of th:c areas affected (great- Den»se and moderate pattern (affectez; area Small amount and larger than 5 cm
est size) higher than 1%) regardless of the size

. " ®
.‘t .

Visual scale [NP EN ISO 4628-2, 2005 e
NP EN ISO 4628-5, 2005]

Fig. 2.10 Cracking defects in painted surfaces (data sourced from Chai 2011)
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Table 2.7 Proposed degradation levels for ceramic tiling systems (data sourced from Bordalo

et al. 2011)

Condition level

Defects

Area of
cladding
affected
(%)

lustrative example

Level A
Swrp< 1 %)

No visible degradation

Level B
Good
1% <S8,
w < 6%)

Visual or
surface
degradation
defects

Surface dirt

Small surface craters

Wear or scratches

Crushing or scaling
of the borders

Change of shine
and/or colour

Damp stains

Cracking

Cracked glazing®

Markedly orientated
cracking

(<0.2 mm)
without leakage®

Joint
deterioration

Staining or change
in colour

Level C
Slight
deterioration
6 % < S,,
» < 20 %)

Visual or
surface
degradation
defects

Small superficial
craters

Wear or scratches

Crushing or scaling
of the borders

Change of shine
and/or colour

Damp stains

>10 and
<50

Biological growth

Graffiti

Efflorescence

Cracking

Cracking with no
predominant direction”

Markedly orientated
cracking

(>0.2 mm)®
without leakage®

Joint
deterioration

Without loss of
filling material®

With loss of filling
material”

Detachment

Loss of adherence

Swelling

(continued)
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Table 2.7 (continued)

Condition level | Defects Area of Illustrative example
cladding
affected
(%)

Level D Visual or Small superficial craters >50

Moderate surface Wear or scratches

degradation degradation Crushine or scaling of the

20 % < S,, defects oo & &

» < 50 %) _

Change of shine and/or
colour
Damp stains
Biological growth >30
Graffiti
Efflorescence
Cracking Cracking with no >30
predominant direction® and <50
Markedly orientated
cracking (>1 mm)®
without leakage®
Joint Without loss of filling >30
deterioration | material® and <50
With loss of filling >10
material® and < 30
Detachment | Loss of adherence >20
Swelling
Localized detachment <10

Level E Cracking Cracking with no >50

Generalized predominant direction®

degradation Markedly orientated

Swp cracking (>5 mm)®

>

2 30 %) Joint Without loss of >50

deterioration | filling material
With loss of >30
filling material

Detachment | Generalized >10
detachment

“With leakage—the degradation level is increased by one

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

@Tenuous cracking line, easily detectable at a distance greater than 5 m, using binoculars

Well defined cracking visible from a distance of more than 5 m, 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 5 m, with the aid of binoculars

According to Campante and Paschoal (2002), the main defects observed in
ceramic claddings are efflorescence, detachment and cracking. In turn, Silvestre and
de Brito (2009) classify the defects in four groups: (i) adhesion failure and/or
detachment of ceramic claddings; (ii) cracking; (iii) deterioration of the cladding
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Fig. 2.11 Loss of adhesion or cohesion: debonding (left) and detachment in painted surfaces
(right) (data sourced from Chai 2011)

tiling system, with direct consequences in its performance; (iv) defects of a strictly
aesthetic nature. Besides these defects, Timellini and Palmonari (1989) mention the
relevance of joints defects in the overall performance of this cladding system.
Silvestre and de Brito (2007) also refer that there is a high incidence of defects in
the material used to fill the joints, since this material is highly susceptible to the
aggressive deterioration agents. Considering the literature, the defects observed in
ceramic tiling systems are classified into four categories (Bordalo et al. 2011)

¢ Visual defects (Fig. 2.12)—which affect the visual appearance of the cladding,
although they do not usually determine the end of the service life of ceramic
claddings;

e Cracking (Fig. 2.13)—which is divided in three subcategories, taking into
account the characteristics of each type of cracking:

Fig. 2.12 Visual or surface degradation defects in ceramic tiling systems (from left to the right):
localized colour change, parasitic vegetation, efflorescence, crushing or scaling of the borders and
small superficial craters (data sourced from Bordalo 2008)

Fig. 2.13 Cracking defects in ceramic tiling systems (from left to the right): cracked glazing,
markedly orientated cracking and with no predominant direction (data sourced from Bordalo 2008)
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Fig. 2.14 Joint deterioration defects in ceramic tiling systems (from left to the right): cracking of
the filling material, cracking between the filling material and the edges of the ceramic tile and loss
of filling material (data sourced from Bordalo 2008)

Fig. 2.15 Detachment defects in ceramic tiling systems: debonding (leff) and detachment of
ceramic tiles (data sourced from Bordalo 2008)

— Glazing cracking, looking like a spider’s web, which is a surface problem being
usually caused by the ageing of the tiles or by the difference between the
thermal expansion coefficients of the glazing and of the inner body of the tile;

— Cracking with no predominant direction, which is usually more superficial
and affects large portions of the cladding surface;

— Markedly orientated cracking, which is usually local, deep and wide;

¢ Joint deterioration defects (Fig. 2.14)—which are usually related with the
deterioration of the filling material; they compromise the overall performance of
ceramic tiles, since joints are responsible for the system’s tightness and ability to
absorb deformations;

e Detachment (Fig. 2.15)—this is the most serious defect on ceramic tiling due to
the hazardous consequences that may occur if ceramic elements fall from the
facade and the cost of repairs (Lo 2002). Loss of adherence, swelling and
detachment are the main defects present in this group.

Table 2.7 presents the proposed degradation levels defined for ceramic tiling
systems, according to the defects previously described, their extent in the facade
and the severity of their appearance.
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2.5.3 Degradation of Facade Claddings

Sjostrom (1985) states that service life prediction should include the definition of a
mathematical model to quantify the degradation actually observed. Gaspar (2009)
refers that it is possible to assess the overall level of degradation of any construction
using a quantitative index that reflects the overall performance of the element under
analysis. Therefore, Gaspar (2009) and Gaspar and de Brito (2008, 2011) proposed
the definition of a numerical index, called as severity of degradation (S,,), to
quantify the overall degradation of the facades claddings.

The severity of degradation is given by the ratio between the weighted degraded
area and a reference area, equivalent to the total cladding area having the highest
possible level of degradation as shown in Eq. (2.1). The weighted degraded area is
given by the product of the facade area affected by different groups of defects, by a
weighting factor related to the severity of each detected defect—*k,,, and a weighting
factor that reflects the relative weight of each defect on the overall degradation of the
facade—*k,, ,,,. This method, originally developed for rendered fagades, established a
general framework model, allowing its subsequent adaptation to the specific case of
stone claddings (Silva et al. 2011), ceramic cladding systems (Bordalo et al. 2011),
painted surfaces (Chai et al. 2014) and ETICS (Ximenes et al. 2015).

Z(An X ky X kg

Sw =
A X Z(kmax)

(2.1)

where S,, represents the severity of degradation of the fagade, as a percentage, A,
the area of the cladding affected by a defect n, in m?, k,, the defects’ “n” multiplying
factor, as a function of its condition (between 1 and 4), k, ,, the weighting coefficient
corresponding to the relative importance of each defect obtained through cost of
repair or risk (k,, € R") (if no instructions are provided, it is assumed k,, = 1),
k the weighting factor equal to the highest condition level, and A the total area of the

cladding, in m”.

2.5.3.1 Relative Weighting of Defects

Different defects that appear in the facade claddings during their life cycle have
different levels of severity. Indeed, although two defects can affect the same extent
of cladding, e.g. localized staining and detachment, they represent different damage
types, with distinct levels of risk and type of repair work required. The application
of weighting coefficients depending on the severity of the defects allows obtaining
an indicator of the overall degradation of fagades more appropriate to the actual
state of decay of the inspected facades. Therefore, in this study the defects are
weighted based on the fulfilment of performance criteria or minimum requirements
(safety and watertightness), their susceptibility to generate new defects and
essentially based on their repair cost. The latter variable seems to be a preponderant
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parameter in the perspective of decision-makers. According to Rudbeck (2002), the
cost is a fundamental aspect, indeed even more relevant than durability, to guide
decision-making process throughout the different phases of the construction life
cycle.

In the next sections, the weighting factors are established based on the cost of
repair of the different defects, using present-day values, at the moment when repair
is needed. The cost of repair is calculated as the ratio between the sum of the costs
of each operation within the required intervention and the cost of replacing the
cladding. Repair costs are estimated based on available literature, expert opinion
and cost simulators, in order to adjust the model to the Portuguese market.

Natural Stone Claddings

Table 2.8 presents the weighting coefficients for natural stone claddings. The
replacement of stone plates entails costs that easily equal or surpass the cost of a
new cladding due to the need to remove of the old cladding.

However, a cladding’s replacement is not a consensual decision; in fact, in some
cases, owners choose to fasten the stone plates detached from the support or to
change the fastening system, rather than replace the entire cladding. Also regarding
loss of integrity of the stone elements, in some cases, owners opt for clogging the
degraded stone with epoxy resins, instead of replacing them. Therefore, the costs of
maintenance/repair present some subjectivity, since they depend on the acceptance
criteria of users and owners.

Rendered Facades

Regarding rendered fagades, the distinction between the three groups of defects is based
on the cost of repair, ranging from simple cleaning, to remove stains and soot, repair of
cracks or, in more serious situations, to repair and substitute areas affected by the loss of
cohesion of mortar or detached. Table 2.9 presents the weighting coefficients adopted
for rendered facades, revealing, as expected, a correlation between the cost of repair of
the different defects and the severity of these defects empirically perceived.

Painted Surfaces

For painted surfaces, the quantification of the weighting coefficients is made iter-
atively, based on the analysis of different scenarios; the scenario with the best
results is selected regarding its ability to translate the physical reality observed
during the fieldwork. In this case, more qualitative criteria are adopted based on the
study performed by Chai et al. (2014). A growing hierarchy of the defects “staining

and colour changes”, “cracking”, “chalking” and “loss of adhesion” is adopted as
shown in Table 2.10. When comparing this scenario with a neutral scenario
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Table 2.9 Weighting coefficients (k,,) for rendered facades (data sourced from Gaspar and de
Brito 2011)

Degradation | Stains Cracking Loss of adhesion
condition

B kan=0.12 |2.50 €/m* |k, =095 |20.50 €m? |k,, =1.53 |33.00 €m’
C kun = 0.53 | 11.50 €/m? | k,, = 0.95 |20.50 €/m? |k,, = 1.53 |33.00 €/m?
D kan=0.53 | 11.50 €m? |k,, = 1.12 | 24.00 €m? |k,, = 1.53 |33.00 €/m’
E ke, =0.53 | 11.50 €m? |k,, = 1.53 |33.00 €m? |k,, = 1.53 |33.00 €/m’

Table 2.10 Weighting coefficients (k) for painted surfaces (data sourced from Chai et al. 2014)

Defect Stains/colour change Cracking Chalking Loss of adherence
ko n 0.25 1.00 1.00 1.50

(corresponding to the same severity for all defects—%,, = 1), the following con-
clusions can be drawn: (i) without weighting, the values of the severity of degra-
dation of painted surfaces present a high scatter; (ii) the values of the severity of
degradation without weighting are generally higher than the values with weighting,
confirming the hypothesis that the model without weighting portrays a pessimistic
view of the physical reality; (iii) the degradation model with weighting varies
between 0 and 100 %, thus producing results easier to interpret.

Ceramic Claddings

Concerning adherent ceramic claddings, the same criteria applied to stone claddings
is adopted, giving particular relevance to the repair cost associated to the different
defects that affect the ceramic tiling systems (Table 2.11).

2.5.3.2 Definition of the End of Service Life of Facade Claddings

As already referred, the definition of the end of service life is not an easy task,
depending on often subjective and context dependent acceptance criteria, which are
not easily established by “pure” scientific methods. In this study, the maximum
acceptable degradation level is established based on the careful analysis of the
degradation condition of the claddings analysed, so that coherent values can be
obtained for the Portuguese context.

From the analysis of each case study analysed (considering the four claddings
under analysis, a sample of 718 case studies is evaluated), a critical degradation
value was adopted equal to a severity of degradation of 20 %, beyond which the
probability of no longer fulfilling the essential requirements is too high. In fact, in
the analysis performed, the adoption of a maximum degradation level of 10 %
seems too conservative to establish the end of the service life of the claddings
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Table 2.11 Weighting coefficients (k,,,) for painted

2011)

2 Service Life and Durability of Assemblies

surfaces (data sourced from Bordalo et al.

Defect

Performance criteria
Requirements

Safety

Watertightness

Possibility

of generating
new
anomalies

Repair operation
(cost in €/m2)

Ratio
between
repair cost
and
replacement
cost®

Weighting
coefficient
ka,}’t

Visual or
surface
degradation

(0]®)

o0

[ J®)

Cleaning
(13.09 €/m?)

18

0.18

Cracking

The repair of
cracking in
ceramic tiles
may involve
different types of
intervention,
ranging from
superficial
clogging of the
affected material
to replacement of
the degraded
tiles.

100

Joints

Degradation
of filling
material
Loss of
filling
material

[ @)

o0

Joint repair
(23.4 €/m?)

32

0.32

Replacement of
the joint material
in cladding
directly adhered
to the substrate
involves some
risks, and may
damage the
natural stone

100

Loss of
adhesion

Replacement of
ceramic tiles
always costs at
least as much as
executing a new
cladding, and
may cost more
because of
having to
remove the
degraded
original cladding

120

OO—No correlation; @O—probable correlation; @@®—high correlation
“The cost of building a ceramic tiling system substantially varies according to the cost of the tile chosen.
Assuming a cladding constituted by stoneware tiles with 40 x 40 cm, with a cost of 19 €/m? an execution cost
around 75.57 €/m? is estimated
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Fig. 2.16 Case study that illustrates the end of the service life of stone claddings (with a severity
of degradation around 20 %) (data sourced from Silva 2009)

Fig. 2.17 Case study that illustrates the end of the service life of rendered fagades (with a severity
of degradation around 20 %) (data sourced from Gaspar 2009)

analysed. In turn, the adoption of a maximum degradation level of 30 or 40 %
seems too high, revealing a generalized degradation state. Nevertheless, the max-
imum degradation level adopted in this study may vary according to the level of
demand of the owners or users or even the social context of the building.
Figures 2.16, 2.17, 2.18 and 2.19 illustrate the degradation condition that corre-
sponds to the end of the service life of stone claddings, rendered fagades, painted
surfaces and ceramic claddings, respectively.

Fig. 2.18 Case study that illustrates the end of the service life of painted surfaces (with a severity
of degradation around 20 %) (data sourced from Chai et al. 2014)
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Fig. 2.19 Case study that illustrates the end of the service life of ceramic claddings (with a
severity of degradation around 20 %) (data sourced from Bordalo 2008)

2.6 Characterization of the Samples Analysed

In this study, the samples analysed are as homogeneous as possible regarding the
age of the claddings, their characteristics and the degradation agents to which they
are subjected. All the case studies that present high degradation levels at an early
stage, apparently caused by gross design or execution errors or due to vandalism
were excluded, since their degradation is caused by discrete phenomena, which are
not possible to predict or model. Concerning the age of the claddings, the sample
covers a large range of ages, homogeneously distributed. Figure 2.20 shows the
distribution of the samples according to the age of the fagades analysed.

For rendered fagades, the age of the case studies (meaning the time since the last
major repair or maintenance intervention) ranges between 0 and 57 years. 31 % of
the sample present ages lower than 5 years and are therefore within the warranty
period of buildings in Portugal (this information is relevant since some early defects
are corrected during the warranty period). The majority of the rendered facades
(77 % of the sample) has less than 20 years. Between years 20 and 60, the sample is
distributed with relative uniformity, with around four buildings in each year
(however, there are intervals of less than 5 years, without any facade inspected).
For painted surfaces, the claddings analysed present ages between 0 and 18 years,

B Renderings B Natural stone claddings B Ceramic claddings BPainted surfaces

NUMBER OF CASE STUDIES

[Lm[ﬂﬂﬂ] rﬂM i J 4 dﬂ | .ﬂ ahl

0 5 10 15 30 35 40 45 50 55 60 65

AGE (YEARS)
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Fig. 2.20 Distribution of the samples according to the age of the fagades analysed
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with a high incidence of cases with less than 5 years (55 % of the sample).
Regarding natural stone claddings, the sample analysed presents ages between 1
and 89 years. Ceramic tiling systems present ages between 1 and 77 years. In these
two types of claddings, the majority of the sample has ages between 20 and
60 years (52 % of the sample for stone claddings and 61 % for ceramic claddings),
and only 8 % of the sample has ages below 5 years. These data provide some
indications regarding the durability of the types of cladding analysed. The samples
corresponding to rendered fagades and painted surfaces present a smaller range of
ages, i.e. these samples have a lower average age when compared with stone or
ceramic claddings. Since this study does not contemplate maintenance actions, it is
not easy to obtain case studies of renderings or paintings with advanced ages that
have not yet been subjected to any intervention.

Figure 2.21 shows the distribution of the severity of degradation of the samples
analysed according to their age. Rendered facades are those that have higher
degradation indexes, however, for this type of cladding, it has been considered the
possibility of overlapping of the defects, which implies that the severity of
degradation can be higher than 100 %. For the other types of claddings, the
overlapping of defects was not considered, thus normalizing the severity of
degradation index, assuming that in the worst case scenario the severity of degra-
dation does not exceed 100 %. This methodological distinction is inherent to the
fact that the samples analysed have been collected in previous studies; in fact, this
book is the result of an extensive work, in constant progression, whose method-
ology, concerning the collection of data and the quantification of the degradation,
has been evolving over time. By the analysis of the results of natural stone clad-
dings, ceramic claddings and painted surfaces, the following conclusions can be
drawn: (i) painted surfaces are those that have higher degradation indexes in earlier
ages, with an average severity of degradation of 14.8 % and a maximum value
72 %; (ii) adherent ceramic claddings present an average severity of degradation of
13.1 %, with a maximum value of 61 %; (iii) finally, natural stone claddings pre-
sent the lowest degradation indexes, with an average severity of degradation of
8.5 % and a maximum value of 43 %. A brief characterization of the samples
analysed is presented in the next sections.

TTRITEN

_mthLhkl.

Fig. 2.21 Distribution of the severity of degradation obtained for the claddings analysed
according to their age
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2.6.1 Natural Stone Claddings

2 Service Life and Durability of Assemblies

Table 2.12 presents the characterization of the sample analysed for natural stone
claddings. During the collection of the sample, case studies were selected randomly
and then filtered in order to obtain a representative sample of the types of natural
stone found in Portuguese claddings. According to a study performed by Esteves

Table 2.12 Characterization of the sample analysed for natural stone claddings

Characteristics of natural % of case Average ages Average S,,
stone claddings studies (number | (standard (minimum/maximum)
of cases) deviation), in years
Type of Limestone 35 % (72) 41.8 (25.5) 9.7 % (0 %/37 %)
stone Granite 27 % (54) 23.9 (13.3) 3.3 % (0 %/12 %)
Marble 38 % (77) 43.8 (20.9) 11.0 % (0 %/43 %)
Colour Light 66 % (134) 42.0 (23.9) 10.0 % (0 %/43 %)
Dark 34 % (69) 29.7 (17.1) 5.6 % (0 %/37 %)
Type of Smooth 47 % (96) 29.9 (19.5) 5.7 % (0 %/30 %)
finishing Rough 53 % (107) 44.9 (22.9) 11.1 % (0 %/43 %)
Dimension | Medium sizes | 64 % (129) 31.7 (21.6) 6.1 % (0 %/28 %)
of stone Large sizes 36 % (74) 48.5 (20.2) 12.7 % (0 %/43 %)
plates
Thickness | Less than 76 % (154) 35.4 (19.7) 7.2 % (0 %/43 %)
of stone 2.5 cm
plates >2.5cm 24 % (49) 45.2 (28.9) 12.5 % (0.1 %/29 %)
Type of Integral/partial | 30 % (61) 21.0 (21.8) 5.0 % (0 %/25 %)
cladding | Bottom wall | 70 % (142) 45.0 (18.9) 10.0 % (0 %/43 %)
Fagade North 14 % (29) 29.3 (21.4) 6.6 % (1 %/37 %)
orientation | NE/E/SE 43 % (88) 39.1 (21.5) 8.0 % (0 %/30 %)
W/INW 25 % (51) 35.5(21.9) 8.9 % (0 %/40 %
S/ISW 17 % (35) 44.8 (25.3) 10.9 % (0 %/43 %)
Distance Less than 38 % (77) 38.4 (28.5) 11.1 % (0 %/43 %)
from the 5 km
sea More than 62 % (126) 374 (18.2) 7.0 % (0 %/40 %)
5 km
Wind-rain | Moderate 84 % (170) 39.3 (23.2) 9.2 % (0 %/43 %)
action Severe 16 % (33) 30.1 (17.7) 5.0 % (1 %/14 %)
Exposure Low 59 % (119) 44.1 (19.7) 9.2 % (0 %/43 %)
to damp High 41 % (84) 28.8 (23.5) 7.6 % (0 %/37 %)
Type of use | Commerce 49 % (99) 35.6 (20.6) 7.6 % (0 %/28 %)
and services
Housing 51 % (104) 39.9 (24.3) 9.4 % (0 %/43 %)
Ease of Current 54 % (110) 44.2 (24.6) 11.1 % (0 %/43 %)
inspection | Unfavourable |46 % (93) 30.3 (17.2) 5.4 % (1 %37 %)
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(2007), the overall consumption (production minus exportation plus importation) of
natural stone in the Portuguese market in 2003 comprised 22.6 % marble and
similar, 13.9 % granite and similar and 63.5 % pavement stone. By analysing only
data common to both studies, i.e. admitting that the sample comprises only granite
and marble, the study by Esteves (2007) leads to 62 and 38 % of marbles and
granites, respectively. In this study, the sample analysed comprises a 59 % of
marbles and 41 % of granites which was considered representative of the local
context. The majority of the cases analysed has medium-sized stone plates (64 %)
and thicknesses lower than 2.5 cm (76 %).

Regarding the orientation of fagades, there is a predominance of case studies facing
East, Southeast, and Northeast (43 %); the remaining cases are equally distributed by
the other categories. Considering the environmental exposure conditions, the fol-
lowing conclusions can be drawn: (i) the majority of the case studies are located at
more than 5 km from the sea (62 %); (ii) 84 % of the sample present a moderate
exposure to wind-rain action. The sample analysed displays an almost uniform dis-
tribution in terms of exposure to damp, type of use and ease of inspection.

2.6.2 Rendered Facades

The characterization of the sample analysed for rendered fagades is shown in
Table 2.13. The sample analysed mainly consists of current cement renderings
(60 %), followed by lime—cement renderings (21 %), single-layer renderings
(13 %) and renderings with crushed marble (6 %). Lime—cement renderings cor-
respond to older buildings (with a higher average age), thus presenting the highest
values of the severity of degradation (48.6 %). The majority of the sample analysed
correspond to housing buildings. Regarding the colour of the facade, white ren-
derings represent 19 % of the sample; light colours are the most common (48 %).
Concerning building geometry, the sample is well distributed between compact
buildings (without protruding and exceptional construction elements) and irregular
buildings.

The majority of rendered fagades is located in buildings with eave’s and ground
floor protection, and without platbands or balconies copings. The majority of the
rendered facades analysed presents medium design level (65 %) and only a small
percentage of facades (6 %) presents a superior design level (corresponding to more
recent buildings, with small average degradation indexes). The sample is relatively
well distributed in terms of fagades’ orientation. The majority of the fagades
analysed are located at more than 5 km of the sea (77 %), in urban areas, close to
traffic routes, thus presenting normal or unfavourable exposure conditions to the
pollution sources. The majority of the case studies present favourable conditions of
exposure to damp (66 %). Finally, the sample is distributed with relative uniformity
for the variables fagade protection level and ease of inspection.
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Table 2.13 Characterization of the sample analysed for rendered fagades

Characteristics of rendered % of case Average ages Average S,,
facades studies (standard (minimum/maximum)
(number of deviation), in
cases) years
Render type Lime-cement |21 % (21) 32.0 (17.0) 48.6 % (1 %/134 %)
renderings
Current 60 % (60) 11.6 (11.3) 13.9 % (0 %/58 %)
cement
renderings
Renderings 6 % (6) 9.1 (10.6) 8.5 % (1 %/32 %)
with crushed
marble
Single-layer 13 % (13) 7.0 (4.5) 7.9 % (0 %/23 %)
renderings
Colour White 19 % (19) 8.7 (5.5) 12.5 % (0 %/49 %)
Light colours |48 % (48) 18.5 (17.0) 254 % (0 %/134 %)
Dark colours |33 % (33) 14.0 (14.3) 16.9 % (0 %/63 %)
Building Compact 41 % (41) 14.7 (14.4) 18.0 % (0 %/62 %)
geometry Irregular 59 % (59) 15.4 (15.3) 21.6 % (0 %/134 %)
Eaves’ Without 47 % (47) 12.3 (13.6) 17.0 % (0 %/134 %)
protection protection
With 53 % (53) 17.6 (15.7) 22.8 % (0 %/83 %)
protection
Platbands Without 79 % (79) 16.2 (15.4) 22.2 % (0 %/134 %)
copings copings
With copings |21 % (21) 11.1 (12.1) 12.1 % (0 %/67 %)
Balcony copings | Without 66 % (66) 16.5 (16.3) 23.4 % (0 %/134 %)
copings
With copings |34 % (34) 12.6 (11.4) 13.8 % (0 %/52 %)
Ground floor Without 17 % (17) 10.7 (13.0) 14.6 % (0 %/67 %)
protection protection
(socle) With 83 % (83) 16.1 (15.2) 21.2 % (0 %/134 %)
protection
Detailing/design | Inferior 29 % (29) 14.3 (13.0) 20.2 % (0 %/63 %)
level Medium 65 % (65) 15.9 (16.1) 21.1 % (0 %/134 %)
Superior 6 % (6) 10.5 (9.8) 9.2 % (1 %/32 %)
Fagade E/SE 25 % (25) 13.5 (13.9) 17.2 % (0 %/64 %)
orientation N/NE 34 % (34) 17.8 (16.2) 26.1 % (0 %/134 %)
W/NW 18 % (18) 14.2 (15.1) 19.2 % (0 %/83 %)
S/ISW 23 % (23) 13.8 (14.1) 15.1 % (0 %/63 %)
Distance from Less than 5 23 % (23) 18.1 (14.1) 26.4 % (0 %/83 %)
the sea km
More than 5 |77 % (77) 14.3 (15.1) 18.2 % (0 %/134 %)
km

(continued)
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Table 2.13 (continued)

Characteristics of rendered % of case Average ages Average S,,
facades studies (standard (minimum/maximum)
(number of deviation), in
cases) years
Exposure to Unfavourable |11 % (11) 12.3 (5.2) 19.2 % (5 %/49 %)
damp Normal 23 % (23) 22.5 (17.8) 34.0 % (0 %/134 %)
Favourable 66 % (66) 13.1 (14.2) 15.4 % (0 %/64 %)
Distance from Unfavourable |24 % (24) 14.4 (13.2) 19.8 % (0 %/61 %)
pollution sources | Normal 70 % (70) 16.1 (15.8) 21.3 % (0 %/134 %)
Favourable 6 % (6) 6.7 (5.4) 7.8 % (0 %/20 %)
Facade Without 46 % (46) 15.8 (15.4) 22.7 % (0 %/64 %)
protection level | protection
Normal 24 % (24) 14.2 (15.8) 18.1 % (0 %/134 %)
situation
With 30 % (30) 14.9 (13.8) 17.7 % (0 %/67 %)
protection
Type of property | Private 82 % (82) 15.1 (15.5) 19.8 % (0 %/134 %)
Public sector | 14 % (14) 18.4 (12.2) 26.4 % (5 %l63 %)
Commerce 4 % (4) 7.0 (0.8) 5.3 % (1 %/9 %)
and services
Ease of Normal 59 % (59) 19.6 (16.4) 26.5 % (0 %/134 %)
inspection Unfavourable |41 % (41) 89 (9.1) 11.0 % (0 %/58 %)

2.6.3 Painted Surfaces

Table 2.14 shows the characteristics of the sample analysed for painted surfaces.
Plain paints and elastic membranes are the most common type of paint, representing
three-fourth of the sample. Silicate and silicone paints are the less common type of
paint (only 4 % of the sample). In the sample analysed, only 4 % of paintings
present dark colours.

Most of the buildings analysed present a compact volume (81 %), heights below
15 m (73 %) and are home to services or commerce (67 %). The sample is rela-
tively homogeneous according to fagades’ orientation, distance from the sea and
exposure to damp. Finally, in the sample analysed there is a prevalence of case
studies with current exposure to pollution sources.

2.6.4 Ceramic Tiling Systems

The characterization of the sample of adherent ceramic claddings is presented in
Table 2.15. In this sample, there is a predominance of glazed tiles (86 %) with light
colours (59 %), with sizes of less than 20 cm (83 %). In most cases, the cladding is
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Table 2.14 Characterization of the sample analysed for painted surfaces

Characteristics of painted % of case Average ages Average S,,
surfaces studies (number | (standard (minimum/maximum)
of cases) deviation), in years
Type of paint | Plain paints 37 % (81) 6.6 (4.0) 12.5 % (0 %/60 %)
Elastic 38 % (83) 5539 10.3 % (0 %/69 %)
membranes
Silicate and |4 % (9) 8.1 (5.8) 25.8 % (2 %I72 %)
silicone
paints
Textured 21 % (47) 10.1 (4.8) 24.6 % (0 %/68 %)
paint
Colour White 30 % (66) 6.5 (3.7) 11.9 % (0 %/69 %)
Light 66 % (144) 7.1 4.7) 15.3 % (0 %/72 %)
Dark 4 % (10) 8.5 (6.9) 25.8 % (0 %/63 %)
Type of Smooth 56 % (124) 6.3 (4.1) 12.9 % (0 %/72 %)
finishing Rough 44 % (96) 7.8 (5.0) 17.3 % (0 %/69 %)
Building Compacta 81 % (179) 7.4 (4.5) 15.7 % (0 %/72 %)
geometry Irregular 19 % (41) 52 (4.4 10.7 % (0 %/69 %)
Fagade E/SE 29 % (65) 8.1 (4.4) 17.3 % (0 %/72 %)
orientation | N/NE 19 % (41) 6.9 (4.1) 12.5 % (0 %/63 %)
W/NW 31 % (68) 6.3 (4.7) 13.5 % (0 %/68 %)
S/ISW 21 % (46) 6.4 (4.6) 15.1 % (0 %/69 %)
Wind-rain Severe 33 % (72) 6.2 (3.8) 12.1 % (0 %/63 %)
action Moderate 45 % (99) 55@.1) 10.4 % (0 %/72 %)
Low 22 % (49) 11.2 (3.9) 27.5 % (2 %/68 %)
Distance Less than 52 % (114) 5.4 (3.8) 10.1 % (0 %/69 %)
from the sea |5 km
More than 48 % (106) 8.7 (4.7) 19.8 % (0 %/72 %)
5 km
Exposure to High 53 % (116) 5.4 (3.7) 10.1 % (0 %/69 %)
damp Low 47 % (104) 8.7 (4.7) 20.0 % (0 %/72 %)
Distance Current 79 % (174) 6.6 (4.2) 13.2 % (0 %/69 %)
from Unfavourable |21 % (46) 8.5(54) 20.7 % (0 %I72 %)
pollution
sources
Type of use Commerce 67 % (72) 6.7 (3.5) 13.0 % (0 %/68 %)
and services
Housing 33 % (148) 7.1 (5.0) 15.6 % (0 %/72 %)
Ease of Current 73 % (161) 7.2 (4.8) 15.8 % (0 %/72 %)
inspection Unfavourable |27 % (59) 6.3 (3.6) 12.0 % (0 %/63 %)

applied over a masonry support (54 %), not presenting peripheral joints (85 %) but
with peripheral protection (52 %). Regarding the fagades orientation, the number of
case studies analysed for each category is evenly distributed. Finally, most of the
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Table 2.15 Characterization of the sample analysed for ceramic tiling systems
Characteristics of ceramic % of case Average ages Average S,,
claddings studies (standard (minimum/maximum)
(number of deviation), in
cases) years
Type of Glazed 86 % (167) 36.3 (18.8) 14.2 % (0 %/61 %)
surface Not glazed 14 % (28) 24.0 (15.6) 6.5 % (1 %/19 %)
Colour Light 59 % (115) 38.2 (18.7) 15.5 % (0 %/61 %)
Dark 41 % (80) 29.3 (18.0) 9.6 % (0 %/52 %)
Tiles size L <20cm 83 % (162) 37.9 (17.9) 14.7 % (0 %/61 %)
L>20cm 17 % (33) 18.0 (14.2) 54 % (0 %/21 %)
Substrate Masonry 54 % (106) 43.1 (17.3) 19.2 % (1 %/61 %)
Concrete 46 % (89) 24.3 (15.3) 5.8 % (0 %/32 %)
Peripheral No 85 % (166) 34.6 (18.2) 13.0 % (0 %/61 %)
joints Yes 15 % (29) 34.1 (22.6) 14.1 % (0 %/48 %)
Peripheral No 48 % (94) 32.8 (19.7) 12.4 % (0 %/61 %)
protection Yes 52 % (101) 36.2 (18.0) 13.8 % (0 %/52 %)
Fagade E/SE 25 % (48) 34.4 (18.3) 12.1 % (0 %/48 %)
orientation N/NE 30 % (59) 36.2 (19.1) 14.2 % (0 %/58 %)
W/NW 24 % (46) 29.9 (16.6) 9.4 % (0 %/50 %)
S/ISW 22 % (42) 37.3 (21.2) 16.9 % (0 %/61 %)
Distance Less than 71 % (139) 38.1 (19.7) 16.1 % (0 %/61 %)
from the 5 km
sea More than 29 % (56) 25.6 (13.0) 5.7 % (0 %/26 %)
5 km
‘Wind-rain Severe 27 % (53) 41.3 (20.3) 19.3 % (0 %/61 %)
action Moderate 50 % (97) 29.8 (18.1) 10.2 % (0 %/50 %)
Low 23 % (45) 36.7 (16.3) 12.2 % (1 %/44 %)
Exposure High 43 % (84) 37.3 (20.1) 17.4 % (0 %/61 %)
to damp Low 57 % (111) 32.4 (17.7) 9.9 % (0 %/45 %)
Ease of Current 65 % (127) 38.6 (16.9) 14.9 % (0 %/61 %)
inspection Unfavourable |35 % (68) 26.9 (20.0) 9.8 % (0 %/48 %)

case studies are located at less than 5 km from the sea (71 %), with moderate
exposure to wind-rain action (50 %) and low exposure to damp (57 %).

2.7 Conclusion

The degradation of buildings is a complex phenomenon that depends on many
factors and severely affects the built heritage. Degradation begins as soon as con-
structions are put into use, due to ageing and the effect of environmental agents; it is
also directly affected by an incipient culture of maintenance of the building
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somewhat prevalent in many countries—in which repair actions are only taken after
the occurrence of defects—which leads to the buildings’ premature loss of per-
formance. The service life prediction of buildings and their components has para-
mount importance for the concept of a sustainable environment, enabling a more
rational use of resources. In particular, buildings may present a better performance
during their life cycle, thus reducing their financial and environmental costs. The
knowledge of durability and service life of building components is also crucial for
maintenance policies—for it allows planning in a technically informed manner the
timely occurrence of maintenance investments—which are indispensable in the
context of the present huge demand to rehabilitate.

In recent decades, several international standards and studies have been put
forward, which intend to establish methodologies to assess the durability of
buildings as well as predict their service life. The main approaches to the problem
can be divided in deterministic, probabilistic and engineering methods. These
methods are useful to stakeholders in the construction sector, who should decide on
the best approach to the problem, taking into account the available data, the desired
result, the complexity of each approach and the advantages/disadvantages inherent
of each one of the service life prediction methods. Generally speaking, more
complex approaches (stochastic or computational models) lead to more rigorous
models; however, often does it seem appropriate to sacrifice some accuracy in
exchange for a greater applicability and simplicity of the model—and especially in
the case of exterior facades claddings.

In the definition of service life prediction models, one of the main factors to be
taken into consideration is the maximum acceptable degradation level, which
establishes the end of service life of the construction elements. However, as referred
to in this chapter, this theoretical limit is somewhat subjective and may vary
according to owners and users demands; and these depend on several factors such
as the social and economic context of societies. Additionally, the requirements of
users and owners permanently change over time, thus requiring continual
(re)investment in buildings.

In this chapter, a model is proposed to quantify the overall degradation of
existing facades claddings in real life exposure conditions. This model is based on
the determination of a numerical index (referred to as severity of degradation),
based on the extent of the facades degradation, the severity of the defects detected
and their cost of repair. The proposed methodology is based on the fieldwork study
of claddings degradation condition, analysed in service conditions, based on an
extensive survey, using visual inspections only. This model was successfully
applied to the identification and quantification of the degradation of various types of
claddings (renderings, ETICs, natural stone claddings, adherent ceramic tiles and
painted surfaces). This index (S,,) is used as a reference value (observed on field)
that may benchmark and validate the results from the models proposed in the
following chapters. In spite of its limitations, this approach presents some advan-
tages, since: (i) it can be easily complemented, at any time, with new data; and (ii) it
is easy to apply, even for other types of non-structural elements, allowing their
adjustment to other realities (e.g. it can be applied in other countries and building
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contexts, by simply changing the weighting coefficients and making them meet the
costs practiced or the conditions observed in those countries or contexts).
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