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Abstract: Façade claddings, as the outer protection layer of the building’s envelope, are directly
exposed to environmental degradation agents. The façades’ orientation and their distance from the
sea, among other location and protection-related factors, influence their vulnerability to climate
loads, in particular wind and air humidity. These loads, as well as exposure to air pollution, affect
the degradation process of claddings and the durability of façades. Therefore, studying the impact of
the environmental exposure conditions on the service life of different external claddings provides
useful information on their performance over time, which can support (i) decision-makers in the
selection of the best façade cladding solutions and (ii) further research on the impact of climate change
on building components. This study covers six types of cladding: rendered façades (R), natural
stone cladding (NSC), ceramic tiling system (CTS), painted surfaces (PS), external thermal insulation
composite systems (ETICS), and architectural concrete façades (ACF). Three hundred façades located
in Portugal are analysed according to three main groups of variables, which characterize (i) the
façades, (ii) their degradation condition, and (iii) the environmental deterioration loads and context.
The statistical analysis results reveal that the environmental variables affect the cladding degradation
process. South-oriented façades present lower degradation conditions than façades facing north. The
distance from the sea and high exposure to pollutants add to the degradation conditions, reducing
the expected service life of façades. The results reveal that claddings can be organized according
to two main groups: the most durable (CTS, NSC, and ACF) and the least durable (R, PS, and
ETICS) systems. This study enables a comprehensive analysis of the data, useful to draw conclusions
about the influence of environmental exposure conditions on the degradation and service life of
façade claddings.

Keywords: façade claddings; environmental exposure; climate; degradation; service life; statistical
analysis

1. Introduction

The environmental degradation of façade claddings is a complex phenomenon [1].
The durability of claddings depends on the following factors:

1. Action of combined climate agents, such as temperature, humidity, precipitation,
and wind;

2. Location, in terms of topography, rural or urban context, altitude, and distance from
the sea [2];
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3. Immediate surrounding context, in terms of protection by vegetation or buildings.

These factors influence the microclimate on the surface of the façade, which is critical
for the degradation of materials [3,4]. The microclimate further depends also on:

1. Orientation of the façade;
2. Characteristics of the building, such as height and existence of protection elements in

the façade;
3. Characteristics of the cladding material.

The inherent chemical, physical, and mechanical properties of the materials, as well
as the characteristics resultant from design options, are determinant to the cladding’s
response to climate loads and consequent vulnerability to environmental degradation [5].
Air pollution in combination with climate agents also influence the degradation of building
components [6].

Façades are part of the building envelope, which is a barrier that contains all the
elements separating the exterior environment from the interior, including the ground [7].
Façades are meant to protect the interior of the building from harmful climate actions [2].
The cladding, as the façade’s skin [8], is particularly vulnerable to the variability of external
loads over decades [2]. Cladding is the layer of the façade in direct contact with the
external environment. It is the first protection layer of the building, which makes it
simultaneously highly susceptible and relevant [9]. Even though the façade’s cladding
material is less durable than the structure of the building, it is expected to contribute to the
overall durability of constructions, if properly maintained [10].

The robustness, resilience, and adaptability of the building envelope are vital, not only
to protect the users, but also to prevent damage from escalating after weather events [10].
Façades are expected to meet aesthetic, comfort, safety, and durability requirements [8].
They highly influence the building’s overall performance [11], and their degradation affects
the quality of urban space, users’ comfort and maintenance costs [1].

The study of the environmental exposure conditions’ influence on the degradation
of different external claddings provides useful information on their performance over
time, which is relevant to unravelling the complexity inherent to façades’ environmental
degradation and comparing the degradation profiles between claddings. Furthermore,
it supports research on the service life prediction and maintenance of façade claddings
and helps decision-makers to select the best cladding system. Finally, it supports further
research on the impact of climate change on façades.

2. Background and Methodology

This study takes previous research about the service life prediction of façade claddings
as a starting point. A methodology used for predicting the service life of rendered façades
was developed [12,13] and the resulting model was later used as a general framework for
the service life prediction of other cladding materials, including natural stone cladding
(NSC), ceramic tilling system (CTS), painted surfaces (PS) [1], external thermal insulation
composite system (ETICS) [14], and architectural concrete façades (ACF) [15].

The methodology is based on inspection results, which reflect the components’ in-
service behaviour, presenting a tendency of degradation through the commonalities be-
tween different constructions. The service life of the cladding is predicted through models,
for which data on the degradation of the cladding is required. The overall condition is
defined by the severity of degradation index (Sw), corresponding to the ratio between the
weighted area of observed construction defects and the total area of the cladded façade
with the highest degradation level (Equation (1)) [1]:

Sw =
∑ (An × kn × ka,n)

A×∑ k
(1)

where Sw is the severity of degradation (in percentage); An the area affected by anomaly
n (in m2); kn the multiplication factor for the anomaly n; ka,n the weighting coefficient
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according to the relative weight of the anomaly n; A the total area of the constructive
solution (in m2); and k the multiplying factor corresponding to the highest degradation
condition of the area A. The type of anomalies detected in the inspections can vary between
claddings (e.g., cracking, stains, and detachments are the anomalies used to calculate the Sw
of R). More details on the original methodology and illustrative examples of the claddings’
degradation condition can be found in [12,13] and in Appendix A, respectively.

The purpose of the present study is to deepen the knowledge on the effects of environ-
mental exposure conditions on the degradation of façade claddings. In the context of the
service life prediction research, a significant amount of case studies was visually inspected
to assess their degradation. In addition, information on the characteristics, location, and
environmental context of the façades was collected as part of the variables to be considered
in the study of each cladding type (R, NSC, CTS, PS, ETICS, and ACF). The case studies
are located in different cities over Portugal, with the highest incidence in Lisbon. Over the
years, a considerable amount of detailed data were collected in several databases, by mate-
rial, which allowed the creation of an overall multi-cladding type sample for developing
the present study.

The selection of the sample and variables, including (i) characterization of the façade,
(ii) degradation condition, and (iii) environmental exposure variables applicable to the six
cladding solutions, is followed by a statistical analysis of the data. First, the quantitative
and qualitative variables are individually characterized. The correlation between them is
then studied. Afterwards, a factorial analysis and a cluster analysis are performed, to assess
the commonalities between variables and case studies, respectively. In addition, analysis
of variance (ANOVA) and multiple linear regression models are developed to study the
influence of the environmental variables. This methodology enables a comprehensive
analysis of the data, useful to draw conclusions about the influence of environmental
exposure conditions on the degradation and service life of façade claddings.

3. Data Collection

In the context of previous service life prediction research [1,13–15], a total of 1489 case
studies were visually inspected, between 2005 and 2018. A sample with the total amount
of case studies is too vast for the purpose of the present study. Therefore, the original
sample is reduced to 300 façades, according to the following criteria: (i) maintaining the six
cladding types (R, NSC, CTS, PS, ETICS and ACF) as part of the sample, with the same
relative importance (50 case studies per material) (Figure 1), (ii) selecting façades located in
Lisbon, which is the main location of the case studies, and (iii) maintaining the degradation
trend given by the results of previous research on the service life prediction of façade
claddings, based on Sw.

The methodology to reduce the original sample is based on the non-random selection
of case studies. The objective is to create a sample representative of the existing service
life prediction model’s functionality [13]. The service life prediction model is based on
the mean degradation curve, given by the distribution of the case studies according to
Sw (dependent variable; y-axis) and age (x-axis). The 50 case studies closest to the mean
degradation curve of each material’s original sample and located in Lisbon are selected to
be part of the sample. The sample is defined in order to ensure the age diversity of the case
studies under analysis.

4. Characterization of the Variables That Influence the Degradation of
External Claddings

The 10 variables selected to be part of the present study (Table 1), are grouped
as follows:

• Characterisation of the façade—material, age, number of floors, and cladding area;
• Characterisation of the degradation condition—Sw;
• Characterisation of the environmental conditions—orientation, distance from the sea,

wind action, exposure to air humidity, and exposure to pollutants.
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4.1. Characterization of Quantitative Variables

The results of the descriptive univariate analysis of the quantitative variables are
shown in Table 2, including the following indicators: mean (µ′), mode, median, standard
deviation (σ̂, minimum, maximum, range, first quartile—25% (Q1), third quartile—75%
(Q3), interquartile range (IQR), coefficient of variation (CV), coefficient of skewness (γ̂) and
kurtosis (k̂).
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Figure 1. Scatterplot of the variables Sw and age (Ag) for the whole sample, with the identification of
the six cladding materials.

The maximum age (Ag) of the façades analysed is 89 years. The degradation of the
claddings is a process that evolves over time. A wide range of the ages would be useful to
analyse the degradation behaviour of both recent and old façades. However, approximately
58% of the sample is characterised by ages equal to or under 10 years old. The mean is
14 years, which is quite a low value relative to the maximum age. The young age of the
sample is also stressed by the mode class and median (Table 2). Generally, the façades
with R, PS, and ETICS claddings, which represent half of the sample, are younger. This
can be explained by (i) ETICS being a more recent cladding solution used in Portugal [16]
and (ii) R, PS and ETICS having shorter service life values, which influences the age of the
samples [17]. The sample is characterised by a significant dispersion and heterogeneity,
considering the standard deviation (σ̂ = 15.8) and the coefficient of variation (CV = 107.3%).
The skewness is positive (γ > 0), with a longer tail on the right side.

The analysis of the variable ‘number of floors’ (Nf ) shows that the tallest façade
inspected has 16 levels. Nevertheless, 75% (Q3) of the case studies have up to 5 floors.
The prevalence of façades of this height is stressed by the mean, mode, and median
(Table 2). The visual inspection of tall façades can be challenging, due to the loss of
naked-eye precision associated with the upper part of the building, caused by increased
distance and distorted perspective from the street level [18–20]. The assessment of the
severity of degradation is likely to be directly proportional to the precision of the visual
inspection. Thus, the significant choice of medium to low-level buildings can be explained
by the will to develop an accurate study. The sample is characterised by a comparatively
lower dispersion and heterogeneity, considering the standard deviation (σ̂ = 2.8) and the
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coefficient of variation (CV = 56.1%). However, the sample shows no clear asymmetry. The
lowest frequencies are generally observed above 10 floors.

Table 1. Variables analysed.

Variable Acronym Description Unit Categories

C
H

A
R

A
C

T
ER

IS
A

T
IO

N
O

F
T

H
E

FA
Ç

A
D

E

Material Ma

Material used as façade cladding.
Materials: rendering (R), natural stone cladding (NSC),
ceramic tilling system (CTS), painted surfaces (PS),
external thermal insulation composite system (ETICS),
and architectural concrete façades (ACF)

- R, NSC, CTS, PS,
ETICS, ACF

Age Ag

Period since the date of the most recent improvement
or repair work on the cladding area (e.g., in the context
of maintenance activities), until the date of the visual
inspection on site. If no work has been performed, the
period starts from the date of the
building’s construction.

years -

Number of
floors Nf Number of floors above the ground on the side of

the façade. levels -

Cladding area Ca Area of the façade cladding. m2 -

C
H

A
R

A
C

T
ER

IS
A

T
IO

N
O

F
T

H
E

D
EG

R
A

D
A

T
IO

N

Severity of
degradation

index
Sw

Severity of degradation index (Sw), which is calculated
through the following equation:
Sw = ∑ (An×kn×ka,n)

A×∑ k
where Sw is the severity of degradation (in percentage);
An the area affected by anomaly n (in m2); kn the
multiplication factor for the anomaly n; ka ,n the
weighting coefficient according to the relative weight
of the anomaly n; A the total area of the constructive
solution (in m2); and k the multiplying factor
corresponding to the highest degradation condition of
the area A.

% -

C
H

A
R

A
C

T
ER

IS
A

T
IO

N
O

F
T

H
E

EN
V

IR
O

N
M

EN
TA

L
C

O
N

D
IT

IO
N

S

Orientation Ori

Orientation of the façade, according to the following
cardinal directions: North (N), East (E), South (S), and
West (W). The following ordinal directions are also
considered: Northeast (NE), Southeast (SE), Southwest
(SW), and Northwest (NW).
Variable that summarises specific factors from each
orientation, such as (i) prevailing winds, (ii)
probability of occurrence of rain-wind action, (iii) solar
radiation contributing to thermal variations on the
façade and (iv) probability of occurrence of
temperature and humidity conditions favourable to
biological colonization.

- N, NE, E, SE, S, SW,
W, NW

Proximity to
the sea Sea

Distance between the façade and the coastline.
Indicator of (i) wind transportation of sea salts and
algae that colonize façades and (ii) significant
exposure to UV radiation and relative humidity.

- <5 km, >5 km

Wind action Win

Effect of the wind on the façade.
The intensity depends on the (i) exposure of the façade
to prevailing winds and to rain-wind action,
(ii) protection of the façade by surrounding buildings
and vegetation (the more unprotected, the greater the
risk) and (iii) height of the building (the higher the
building, the greater the risk).

- severe, moderate,
mild

Exposure to
humidity Hum

Relative humidity and precipitation typical of the
location of the façade.
High intensity when the prevailing winds coming
from the sea and the location is closer to the coast.
Low intensity when the location is in an urban area
and a long way from the sea.

- high, low

Exposure to
pollutants Pol

Pollution from traffic, mainly associated with
urban centres.
The intensity depends on the location of the building.
High intensity when it is close to main roads (intense
traffic). Medium intensity when it is close to secondary
roads (moderate or low traffic). Low intensity when it
is in rural or coastal areas.

- high, medium, low

Observation: Source of information: research work developed about the service life prediction of façade claddings [1,13–15], specifically
dissertations and databases files.
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The cladding area (Ca) is below 1200 m2, in 98% of the façades. Four case studies
are characterised by larger cladding areas, with the largest being 7725 m2. Around 96%
of the areas are less than 400 m2 and 75% (Q3) are less than 170 m2. It is likely that the
majority of the inspected façades are common multi-floor residential buildings, which is
stressed by the mean value (Table 2) and compatible with the results of the variable Nf.
The greatest area is considerably more than most of the areas in the sample, which may
indicate the presence of a possible outlier, and it was found for a public church building.
The sample is characterised by considerable dispersion and heterogeneity, considering the
standard deviation (σ̂ = 580.6) and the coefficient of variation (CV = 325.2%). The skewness
is positive (γ > 0), having a longer tail on the right side.

Table 2. Descriptive statistics of the quantitative variables.

Variable ^
µ

Mode/Mode
Class Median ^

σ Minimum Maximum Range Q1 Q3 IQR CV
(%)

^
γ

^
k

Ag 14.7 until 5 9.0 15.8 0.0 89.0 89.0 4.0 19.8 15.8 107.3 1.9 3.8

Nf 5.0 5.0 5.0 2.8 1.0 16.0 15.0 3.3 5.0 1.8 56.1 1.5 3.2

Ca 178.3 until 50 70.0 580.6 0.8 7724.7 7723.9 31.2 170.0 138.8 325.2 10.7 126.6

Sw 9.5 until 5 3.5 13.3 0.0 71.6 71.6 1.7 10.9 9.2 139.4 2.3 5.2

The highest severity of degradation index (Sw) observed is of 71.6%, which is a long
way from the 10% mean and Q3 (Table 2). For 10% Sw, the cladding is considered to be
in good condition or with slight degradation [1,14,15]. This degradation level is likely
associated with younger façades [13], which suggests that the sample is characterised by
young ages. The Sw of 97% of the façades is lower than 50%. The cladding is expected
to reach the end of service life for Sw between 20% and 30%, depending on the material.
Therefore, it is possible that 17% of the sample is in that condition. The generalized degra-
dation of the cladding is assumed for Sw values above the 30% to 50% range, depending on
the material [1,14,15]. Therefore, 8% of the façades can be included in the worst category
of degradation condition. The sample is characterised by a significant dispersion and
heterogeneity, considering the standard deviation (σ̂ = 13.3) and the coefficient of variation
(CV = 139.4%). The skewness is positive (γ > 0), having a longer tail on the right side,
where the case studies in worse degradation condition are observed.

The scatterplot matrix of the quantitative variables (Figure 2) reveals that the disper-
sion of the variables Ag and Sw is the closest to the simple linear regression (SLR) trend line.
The other combinations of variables result in dispersions that do not follow the suggested
trend line. The moderate correlation between Ag and Sw is the most effective, according to
the highest Pearson correlation coefficient (r) of 0.513. The scatterplot matrix highlights the
existence of possible outliers, related to the variable Ca.

4.2. Characterization of Qualitative Variables

Table 3 shows the descriptive univariate analysis of the qualitative variables analysed
in this study. All the variables, except Ma, characterize the environmental exposure
conditions of the façades analysed.

The environmental variables are complex since (i) they cover the simultaneous action
of a set of climate parameters, (ii) the categories can be associated with the context or
location of the façade (Table 1), and (iii) the characterization of some of the variables
includes aspects related to other variables (Table 1), since they are somehow interconnected.

The cardinal orientations are represented in similar proportions in the sample, despite
the slightly higher frequency of façades facing N and W. N and W oriented façades are
more prone to suffer higher degradation levels due to higher exposure to the combined
action of wind and air humidity [5].

The ‘Sea’ categories are almost evenly represented in the sample. Approximately,
52% of the façades are located less than 5 km from the coast. The distance from the sea
is an aggravating factor for the environmental degradation of the claddings, as well as
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strong wind and high humidity exposure [21]. Most of the sample is exposed to moderate
wind, which likely indicates that these façades are protected by surrounding buildings
or vegetation, are not near to the coast, and are not installed on tall buildings. However,
around 29% of the case studies are subjected to strong wind action, which is a considerable
source of damage to constructions [22]. A significant part of the sample, corresponding to
40%, is exposed to high relative humidity and is located near the coast.
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Despite being an environmental exposure variable, ‘Pol’ is not directly related to
climate agents. Nevertheless, the influence of pollution on the degradation of cladding is
combined with climate parameters. The exposure to pollutants aggravates the degradation
of façades [23]. Most of the sample, corresponding to 72%, is located near main roads and
exposed to pollution caused by intense traffic.

This study comprises all the types of façade cladding in one comprehensive sample.
However, the variable ‘Ma’ that characterizes the diversity of materials in the sample
allows a comparative analysis of the environmental exposure variables impact on the
different claddings.

5. Data Analysis
5.1. Factorial Analysis

Principal Components Analysis (PCA) enables the data contained in the variables to be
summarised into a smaller set of factors, while losing as little information as possible. The
pre-dominance of categorical variables is evident, which is not useful for PCA. Therefore,
each of the following variables must be transformed into a dummy variable: Ma, Ori,
Sea, Win, Hum, and Pol. Unlike these variables, the quantitative variables need to be
standardized to become dimensionless, since they are expressed in different units (e.g.,
Sw in % and Ca in m2). The creation of the principal components depends on the critical
analysis of the following criteria: (i) the components must explain a considerable amount
of the total variance, where 70% is the cumulative variance value of reference, (ii) only the
components with eigenvalues superior to 1 are chosen, according to the Kaiser criterion,
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and (iii) only the components to the left of the “elbow”, in the scree plot, are considered
significant. The results are not conclusive since the components do not significantly explain
the dummy variables. Quantitative variables Sw and Ag are consistently grouped in the
same component. The PCA of just the quantitative variables (Ag, Nf, Ca, and Sw) results in
three components, the first also grouping the variables Sw and Ag.

Table 3. Descriptive statistics of the qualitative variables.

Variable Percentage of Case
Studies Frequency

Material (Ma)

R 16.7% 50
NSC 16.7% 50
CTS 16.7% 50
PS 16.7% 50

ETICS 16.7% 50
ACF 16.7% 50

Orientation (Ori)
Mode = N

N 22.3% 67
NE 8.0% 24
E 17.0% 51

SE 4.7% 14
S 16.3% 49

SW 4.7% 14
W 21.7% 65

NW 5.3% 16

Proximity to the sea (Sea)
Mode =< 5 km

<5 km 51.7% 155
>5 km 48.3% 145

Wind action (Win)
Mode = Moderate

Mild 25.3% 76
Moderate 46.0% 138

Severe 28.7% 86

Exposure to humidity (Hum)
Mode = Low

Low 60.7% 182
High 39.3% 118

Exposure to pollutants (Pol)
Mode = Moderate

Low 8.7% 26
Medium 72.3% 217

High 19.0% 57

Categorical Principal Components Analysis (CATPCA) is more useful to this study,
considering the predominance of qualitative variables. The most coherent results are ob-
tained for six components, excluding the variable Ma, which have the following distribution:

• Component 1—degradation condition of the façade cladding (Sw and Ag);
• Component 2—aerial environmental actions (Win and Pol);
• Component 3—coastal environmental actions (Sea and Hum);
• Component 4—characterization of the building height (Nf );
• Component 5—exposure to the sun (Ori);
• Component 6—characterization of the cladding area (Ca).

Despite the slight reduction of the number of variables into components, it can be seen
that the variables grouped in the same component are logically related. The age (Ag) of the
façade is determinant to its degradation condition (Sw), since the degradation phenomenon
evolves over time. However, age is not the defining aspect itself of the degradation. Over
time, claddings are subjected to the cumulative action of degradation agents [9,24,25].
The greater the age, the longer the exposure period of the cladding, and a more severe
degradation condition is expected [26,27], in the absence of maintenance actions. The wind
(Win) contributes to the transportation of particles in the air, from traffic pollution (Pol),
and affects their deposition rate on façades, as well as the coverage area and the soiling
intensity [28]. The relative humidity (Hum) is likely higher in coastal areas (Sea) [15].
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5.2. Cluster Analysis

Cluster Analysis (CA) allows splitting the sample into homogeneous groups, formed
by similar entities, which are different from each other. In the present study, CA is devel-
oped mostly through hierarchical methods, based on (i) the components resulting from the
PCA and the combination of different variables, (ii) the various distance measurements
(Euclidean squared distance, city-block, Chebyshev, and Minkowski) and aggregation
criteria (centroid, the closest neighbour, group average, and Ward).

Some of the CA results lead to single object clusters and thus to cluster formations that
do not explain the sample’s behaviour. However, in one of them (variables Sw and Ag with
Euclidean squared distance and centroid aggregation—four clusters), two of the groups re-
sulting from the clustering process seem to organise the façades according to the durability
and characteristics of the materials. The number of clusters to retain, using hierarchical
methods, is determined mainly by the analysis of the linkage distance in the dendrogram.
Nevertheless, the possibility of experimenting with a different number of clusters is not
excluded for studying the relations between the clusters and the claddings’ durability.

Buildings 2021, 11, x FOR PEER REVIEW 10 of 20 
 

included in cluster 2 (Figure 3b). The previous clustering (Figure 3a) allows a more de-

tailed analysis of the claddings, in particular the younger and less degraded ones. 

Some of the CA results lead to single object clusters and thus to cluster formations 

that do not explain the sample’s behaviour. However, in one of them (variables Sw and Ag 

with Euclidean squared distance and centroid aggregation—four clusters), two of the 

groups resulting from the clustering process seem to organise the façades according to the 

durability and characteristics of the materials. The number of clusters to retain, using hi-

erarchical methods, is determined mainly by the analysis of the linkage distance in the 

dendrogram. Nevertheless, the possibility of experimenting with a different number of 

clusters is not excluded for studying the relations between the clusters and the claddings’ 

durability. 

Figure 3. Scatterplot of the variables Sw and Ag with the identification of the six clusters (a) and three clusters (b) (city-

block distance and Ward aggregation). 

A comprehensive study of the clusters on Figure 3a shows that group II (clusters 5 

and 6) has more façades facing north than group I (clusters 1, 2 and 4). This is one of the 

orientations more susceptible to degradation and expected to be characterised by higher 

Sw values, due to the lack of sun exposure and the longer moisture cycles [5]. In addition, 

in group II, the number of façades closer to the coast and exposed to high pollution levels 

is higher than in group I (Figure 4a,b). Proximity to a saline environment can contribute 

to severe degradation levels [5]. The maintenance and rehabilitation costs due to air pol-

lution are more significant in urban and industrial areas [23], characterized by high pol-

lution levels. These results indicate that the vulnerability to environmental degradation 

can be higher for group II (Figure 4b), which helps to increase the Sw value of the case stud-

ies in this group. 

A close examination of the cluster analysis results reveals that the materials tend to 

be grouped according to their durability and organised in more durable and less durable 

cladding solutions. In addition, a complementary detailed analysis suggests that the en-

vironmental variables probably contribute to the decreased durability of R, PS and ETICS. 

  
(a) (b) 
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distance and Ward aggregation).

A further analysis leads to the creation of six multi-object clusters (variables Sw and Ag
with city-block distance and Ward aggregation), which stresses the grouping of façades with
similar durability claddings (Figure 3a). Group I (clusters 1, 2 and 4) includes NSC, CTS,
and ACF. Group II (clusters 5 and 6) includes R, PS, and ETICS. Each group is characterised
by materials with similar degradation behaviour over time, where claddings in group I
are more durable and those in group II less durable. Cluster 3 includes all the cladding
types and the youngest (Ag mean 4.7 years) and less degraded (Sw mean 1.9%) façades. At
young ages, the behaviour of the six materials is more similar, but the bifurcated dispersion
indicates a tendency of two different degradation behaviours with age. The dispersion is
higher in clusters 1 and 6 than in clusters 2 and 5, which suggests that the claddings in each
cluster tend to have increasingly distinct behaviours the closer they are to the degradation
threshold. Moreover, each cladding’s degradation is likely to be more scattered with age.

The Bonferroni test is used to validate the independence between clusters. Despite
the interesting results, the test reveals that the six clusters are not all significantly different.
The creation of three clusters (Figure 3b), based on the same method, was tested and in
this case the difference between the groups has been proved. Clusters 1 and 3 (Figure 3b)
also group the claddings according to their durability and characteristics. However, this
solution increases the number of façades with younger ages and less degradation, included
in cluster 2 (Figure 3b). The previous clustering (Figure 3a) allows a more detailed analysis
of the claddings, in particular the younger and less degraded ones.
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A comprehensive study of the clusters on Figure 3a shows that group II (clusters 5
and 6) has more façades facing north than group I (clusters 1, 2 and 4). This is one of the
orientations more susceptible to degradation and expected to be characterised by higher
Sw values, due to the lack of sun exposure and the longer moisture cycles [5]. In addition,
in group II, the number of façades closer to the coast and exposed to high pollution levels
is higher than in group I (Figure 4a,b). Proximity to a saline environment can contribute to
severe degradation levels [5]. The maintenance and rehabilitation costs due to air pollution
are more significant in urban and industrial areas [23], characterized by high pollution
levels. These results indicate that the vulnerability to environmental degradation can be
higher for group II (Figure 4b), which helps to increase the Sw value of the case studies in
this group.

A close examination of the cluster analysis results reveals that the materials tend to
be grouped according to their durability and organised in more durable and less durable
cladding solutions. In addition, a complementary detailed analysis suggests that the
environmental variables probably contribute to the decreased durability of R, PS and ETICS.



Buildings 2021, 11, 615 11 of 20

5.3. ANOVA Test

The ANOVA test is used to check whether an independent factor has any influence on
the dependent variable Sw. In this study, the effect of the environmental exposure variables
on the degradation of façade claddings is analysed, specifically on the average value of Sw.
The results of the performed ANOVA tests are:

• Ori—the influence is not confirmed for the whole sample, but this variable seems
to have some influence specifically on the degradation of NSC and ACF; the high
number of categories (cardinal and ordinal orientations) hinders the interpretation of
the results;

• Sea—the influence is not confirmed for the whole sample, but this variable seems
to have some influence specifically on the degradation of R, PS, and CTS; it can be
explained by (i) the significant Sw mean of the façades in the “<5 km” exposure
category of R and CTS, and (ii) the unexpected significant Sw mean of the façades in
the “>5 km” category of PS; the Sw mean is higher for the most severe category of this
variable, as expected;

• Win—the influence is confirmed for the whole sample and specifically in PS, ETICS,
and ACF; it can be explained by (i) the significant Sw mean of the façades in the
“severe” exposure category of ACF, (ii) the higher Sw mean of the façades in the
“severe” exposure category of ETICS compared to the “mild”, and (iii) the unexpected
significant Sw mean of the façades in the “mild” category of PS; the Sw mean is higher
for the least severe category of this variable, which is unexpected;

• Hum—the influence is not confirmed for the whole sample, but this variable seems to
have some influence specifically on the degradation of PS and NSC; it can be explained
by the unexpected significant Sw mean of the façades in the “low” exposure category
of PS (the Sw mean is higher for the least severe category of this variable);

• Pol—the influence is verified for the whole sample and specifically in PS, which can
be explained by the significant 37.1% Sw mean of the façades in the “high” expo-
sure category; the Sw mean is higher for the most severe category of this variable,
as expected.

The ANOVA test of categorical variable Mat confirms its influence on Sw. The mean
values of Sw per cladding type emphasise the division of the sample in groups I (NSC, CTS,
and ACF) and II (R, PS, and ETICS), since the proximity of the values is evident for the
materials in each group.

The results of the ANOVA tests on the environmental exposure variables do not
fully explain the expected relation between these variables and the degradation of façade
claddings. However, the influence of the environmental context and agents is confirmed
for specific materials, when not for the whole sample.

5.4. Multiple Regression

The multiple linear regression (MLR) model allows checking how several independent
variables explain the dependent variable Sw. The environmental exposure variables can
be included in this model, as dummy variables. Initially, two models are tested, through
enter and stepwise methods, including only the quantitative variables Ag, Nf, and Ca. The
adjusted determination coefficients (adjusted R2) are similar and both models explain only
29% of the dependent variable, approximately. The significance of the variable Ca to the
explanatory capacity to the model is low and possibly hindered by the presence of possible
outliers (as mentioned in Section 4.1, Figure 2). Another model is tested, using the “enter”
method, including all the qualitative variables too, converted into dummy variables. In
this model, the adjusted R2 increased, and the model explains around 61% of the Sw, which
means that the environmental exposure variables add explanatory capacity to the model.

After considering the results of the previous models, excluding multicollinearity
problems, and taking into account the performed ANOVA tests (Section 5.3), a new model
is tested excluding the Ca and the dummy variables Ori and Hum. This model still explains
around 61% of the dependent variable and is free from multicollinearity problems. In
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the analysis of the residuals, the heteroscedasticity of the model for the variables Sw and
Ag is observed, as well as the non-normal distribution of the residuals, according to the
results of the Kolmogorov-Smirnov test. However, the Spearman and Durbin-Watson tests
confirmed the independence of the residuals, contributing to a partial validation of the
model. The analysis of the standardised beta weights confirms the significant influence of
the Ag in in the model. In addition, the analysis reveals that (i) exposure to a high pollution
level tends to increase the degradation of the façade, and (ii) a greater distance to the coast
contributes to decrease it. The claddings in group I (NSC, CTS, and ACF), considered as
more durable materials, have negative standardised beta weights, associating these façades
with less severe degradation conditions and a presumably increased durability.

Finally, the claddings are individually analysed. The only MLR model that does not
present multicollinearity problems includes the independent variables Ag, Sea, and Win.
The environmental exposure variables used increase the explanatory capacity of the model
only for the materials NSC, ACF, and ETICS, compared with the SLR model (Sw and Ag).
The analysis of the standardised beta weights reveals that not only for these materials, but
also for CTS and PS, a greater distance to the coastline tends to result in less degradation of
the façades and increase their durability.

The MLR models do not validate the importance of all the environmental variables to
the degradation of the claddings. However, the importance of the environmental context
and agents is verified for the whole sample and for specific materials.

6. Discussion of the Results

Prior to deepening the knowledge on the impact of environmental exposure conditions,
it is important to understand that the correlation between Sw and Ag is the basis for
perceiving the façade claddings’ degradation evolution over time. Sw and Ag are the most
correlated quantitative variables, as expected and excluding pre-pathology symptoms. In
addition, the cladding type (Mat) is determinant to characterize the degradation pattern.
The façade’s performance and expected end-of-service life depend on the material.

The relation between Sw and the cladding types (Figure 5) shows that CTS and NSC
are characterised by lower degradation conditions than the other materials. The Sw of 75%
of the CTS and NSC samples goes up to a maximum of 4% and 6%, respectively. On the
other hand, PS are noted for a more accentuated severity of degradation with the Sw of 75%
of the painted façades going up to 20%. CTS and NSC not only tend to present the most
favourable degradation conditions (lower degradation indexes in the degradation scale
adopted), but also tend to be more durable and perform better over time. While PS start
with a Sw above 20% after the first 10 years, CTS and NSC reach a similar state only after
approximately 50 years (Figure 1). A painted façade will likely need more maintenance
over time to extend the service life and to be in similar conditions to the more durable
claddings, as expected. Despite ACF having a similar median Sw to CTS and NSC, around
2%, half of the façades are younger than those cladded with the other two materials. This
suggests that ACF would reach similar degradation levels to CTS and NSC sooner.

The SLR of the sample divided in groups I (NSC, CTS, and ACF) and II (R, PS, and
ETICS), i.e., into more and less durable materials respectively, as defined in the cluster
analysis, results in higher determination coefficients (R2) (Figure 6). The model explains
84% of the variability of the claddings’ Sw in group I and 79% in group II, approximately.
This suggests that acknowledging the durability of materials prior to the sample defini-
tion may lead to more accurate results on the environmental degradation behaviour of
façade claddings.

The results of the ANOVA tests do not confirm the influence of ‘Ori’ on the dependent
variable Sw for the whole sample, which is an unexpected result. However, the influence is
confirmed for NSC and ACF. The orientation is known to be determinant to the occurrence
of defects in external claddings, particularly in painted rendered façades [29]. Also, the
specific analysis of variables Sw and Ori for the whole sample reveals that south shows
less degraded claddings than north, with the latter is characterized by higher Sw values
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(Figure 7). The considerable degradation of NE-oriented façades could be related to the
older age of the claddings of this part of the sample.
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‘Ori’ is a complex variable, which probably influences the microclimate of the façade,
important to the growth of the façade’s environmental degradation [3,4]. It combines the
exposure to prevailing winds and the period and intensity of solar radiation, which affect
the transportation of biological and pollution particles, rain-wind action, the temperature
of the material, and the occurrence and drying of moisture on the surface and/or damp in
the microstructure of the material [8,30].

The presence of damp is one of the main environmental actions causing defects on
ETICS [31] and painted rendered walls [32]. The north orientation is characterized by
the lack of exposure to solar radiation and longer wetting periods. These conditions are
favourable for the presence of damp in the cladding and, consequently, for the development
of biological colonization. Damp also causes soiling stains, essentially because it works as
an adhesive for dirt particles [32]. Despite the inconclusive ANOVA tests’ results, the less
durable claddings (R, PS, and ETICS) are represented by more case studies facing north
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than the rest of the sample, as demonstrated by the comprehensive study of the clusters’
formation. Therefore, it is possible that the north orientation contributes to the increased
degradation (Sw) and the decreased durability of this group of materials.

Buildings 2021, 11, x FOR PEER REVIEW 15 of 20 
 

 

Figure 7. Box plot of Sw and Ori (circles are possible outliers and stars faroutliers, above the 75th percentile). 

The degradation is expected to be characterised by different predominant types of 

defects, depending on the climate action associated with each orientation. The ETICS deg-

radation is characterised by biological colonization on north-oriented façades and by loss 

of colour and cracking on façades facing south [14]. The same occurs for PS, including 

soiling stains on north façades [29]. On the one hand, the complexity of the variable ‘Ori’ 

makes it relevant to the characterization of existing degradation; on the other hand, the 

nuances of orientation associated with the ordinal directions possibly hinders the analysis 

of its influence on the degradation condition (Sw), in the present study. 

The unexpected results of the ANOVA tests for PS, regarding the significant Sw 

means for the least severe categories of the variables ‘Sea’ (˃5 km), ‘Win’ (mild) and ‘Hum’ 

(low), can be a consequence of the reduced predicted service life difference between cate-

gories. The predicted service life is not greatly different for the most and the least severe 

categories of these environmental variables. The difference is less than one year [33]. 

Within the context of the present study, the initial sample reduction could have been 

enough to distort the mean values of the variables’ categories. In addition, the PS condi-

tion evolves rapidly, and the service life is reduced, compared with the other claddings. 

It can be assumed that PS are vulnerable to considerable degradation progress in a short 

period, despite the environmental exposure. 

The results from the MLR analysis stress that the distance to coastal areas leads to 

less degradation and greater durability of the claddings. This result is consistent with pre-

vious research on the degradation of NSC, CTS, and PS, confirming that the claddings 

closer to the sea are more prone to be in a serious condition or to reach it sooner [34]. The 

saline fog spray typical of coastal areas is an aggressive degradation agent for limestone 

façade cladding in particular, as is the presence of humidity [35]. These conditions can 

accelerate the degradation process of claddings [36], thereby reducing the service life of 

façades. The degradation agents in marine environments lead to the early degradation of 

external claddings [37]. In addition, the degradation of architectural concrete surfaces can 

be faster in buildings located in coastal areas, due to the significant presence of humidity 

[38]. 

As revealed by the MLR analysis, exposure to air pollution contributes to the degra-

dation of buildings [39]. Traffic increase, as well as industrialization in developing coun-

tries, can be a counteracting factor to recent reductions in some pollutants’ emission rates. 

Traffic is a great contribution to a changing multi-pollutant environment [40]. Pollution 

from traffic emissions (i.e., CO, SO2, NO2, NOx, and PM10) that are greater in urban areas 

Figure 7. Box plot of Sw and Ori (circles are possible outliers and stars faroutliers, above the 75th percentile).

The degradation is expected to be characterised by different predominant types of
defects, depending on the climate action associated with each orientation. The ETICS
degradation is characterised by biological colonization on north-oriented façades and by
loss of colour and cracking on façades facing south [14]. The same occurs for PS, including
soiling stains on north façades [29]. On the one hand, the complexity of the variable ‘Ori’
makes it relevant to the characterization of existing degradation; on the other hand, the
nuances of orientation associated with the ordinal directions possibly hinders the analysis
of its influence on the degradation condition (Sw), in the present study.

The unexpected results of the ANOVA tests for PS, regarding the significant Sw means
for the least severe categories of the variables ‘Sea’ (>5 km), ‘Win’ (mild) and ‘Hum’ (low),
can be a consequence of the reduced predicted service life difference between categories.
The predicted service life is not greatly different for the most and the least severe categories
of these environmental variables. The difference is less than one year [33]. Within the
context of the present study, the initial sample reduction could have been enough to distort
the mean values of the variables’ categories. In addition, the PS condition evolves rapidly,
and the service life is reduced, compared with the other claddings. It can be assumed
that PS are vulnerable to considerable degradation progress in a short period, despite the
environmental exposure.

The results from the MLR analysis stress that the distance to coastal areas leads to less
degradation and greater durability of the claddings. This result is consistent with previous
research on the degradation of NSC, CTS, and PS, confirming that the claddings closer to
the sea are more prone to be in a serious condition or to reach it sooner [34]. The saline
fog spray typical of coastal areas is an aggressive degradation agent for limestone façade
cladding in particular, as is the presence of humidity [35]. These conditions can accelerate
the degradation process of claddings [36], thereby reducing the service life of façades.
The degradation agents in marine environments lead to the early degradation of external
claddings [37]. In addition, the degradation of architectural concrete surfaces can be faster
in buildings located in coastal areas, due to the significant presence of humidity [38].
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As revealed by the MLR analysis, exposure to air pollution contributes to the degrada-
tion of buildings [39]. Traffic increase, as well as industrialization in developing countries,
can be a counteracting factor to recent reductions in some pollutants’ emission rates. Traffic
is a great contribution to a changing multi-pollutant environment [40]. Pollution from traf-
fic emissions (i.e., CO, SO2, NO2, NOx, and PM10) that are greater in urban areas is a serious
problem for the degradation of historical buildings’ façades [41]. Air pollution accelerates
the degradation rate of several materials, leading to costly maintenance needs with more
frequent interventions. The salts resulting from the reaction between the pollutants and
the stone are the most damaging pollution-related agents of degradation. The formation
of gypsum and the dissolution of carbonate are the main pollution-induced mechanisms
of degradation. Acid rain, caused by air pollutant contamination, penetrates the pore
structure of the stone, leading to its disintegration by chemical reaction. The accumulation
of salts in the pores happens over time, resulting in long-term effects of the exposure to
air pollution [42]. Traffic pollution is proven to be a dominant source of particulate matter
components (PHAs) in black crusts [41].

The rate of the air pollution attack of concrete is slower than for calcareous stones.
The best-known effect on concrete is the carbonation, due to a chemical reaction with
atmospheric CO2. The increase of CO2 in the atmosphere is a direct consequence of
increasing fossil fuel combustion [42]. The carbonation can result in premature failure
of the protective concrete covering the reinforcing steel and consequent corrosion and
spalling. The high level of CO2 in the atmosphere serves to increase the amount of carbonic
acid in precipitation, which affects the degradation of concrete [6]. Air pollution is one
of the sources of salts contained in the water, which can infiltrate the pore structure of a
mortar and also contribute to rendering degradation. Certain bacteria that can damage
mortars are mostly found in polluted environments [43].

7. Conclusions

A methodology is proposed, in the present study, to analyse the impact of environmen-
tal exposure variables on the service life of façade claddings. The methodology covers the
degradation (Sw) of different claddings (R, NSC, CTS, PS, ETICS, and ACF) with a variety of
ages (Ag), located in the same city. The sample is analysed through the (i) characterisation
of the quantitative (Ag, Nf, Ca, and Sw) and qualitative (Ma, Ori, Sea, Win, Hum, and Pol)
variables, (ii) factorial analysis, (iii) cluster analysis, (iv) ANOVA tests, and (v) simple and
multiple linear regressions.

The methodology developed for the service life prediction of cladding materials was
developed in previous research [1,12–15]. A model with the distribution of the case studies,
according to Sw and Ag, shows a trend line for the degradation evolution of a specific type
of cladding, based on the inspection of in-service façades. The model allows predicting the
service life of a specific cladding type, depending on its degradation condition. The present
study confirms the importance of the cladding’s age to its degradation condition, through
the demonstrated positive correlation between the variables Sw and Ag. The results show
that the degradation evolves with age, as expected.

The cladding material (Ma) is determinant to the façades’ degradation patterns and
their expected service life. The claddings can be organized in two groups, based on this
assumption and according to the results of SLR and CA. Group I (NSC, CTS, and ACF)
includes the most durable materials, which are expected to have a longer service life and
need less maintenance than the claddings in group II (R, PS, and ETICS). The sample
is characterized by two distinct degradation profiles. A further analysis of each group,
dividing the sample into two, could lead to more precise results on the environmental
degradation of the various claddings.

The impact of environmental exposure variables on the service life of façade claddings
is confirmed by the CA, ANOVA tests, and MLR. The ANOVA tests reveal that variables
‘Win’ and ‘Pol’ have influence on the Sw mean for the whole sample. Variables ‘Ori’, ‘Sea’,
and ‘Hum’ affect the Sw mean only for specific claddings, depending on the environmental
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variable. According to CA, locations less than 5 km from the sea and exposed to high air
pollution levels may contribute to the loss of durability in the less durable materials—group
II (R, PS, and ETICS). In addition, the high exposure to air pollutants probably increases
the cladding’s degradation and a more distant location from the sea probably decreases
it, considering the MLR results. MLR confirms the association of the claddings in group
I (NSC, CTS, and ACF) with less severe degradation conditions, which may indicate a
longer service life. The present study’s findings are consistent with existing literature on
the influence of environmental variables on the degradation of façades. This validates
the general value of results despite the location of the case studies. Nevertheless, some
environmental variables combine the action of several climate agents and climate induced
degradation is a complex phenomenon, which could be susceptible to local and micro-
environmental conditions.

The study of the combined action of climate agents’ impact on the degradation of
in-service façade claddings is a fruitful path of research. Environmental variables are
somehow interconnected and the action of some agents is likely more effective in the
presence of others. The orientation of the façade may be the variable that reflects more
precisely the microclimate of the cladding. Further analysis of the relation between façade
orientation and the claddings’ durability may be useful to deepen the knowledge on
environmental degradation and unravel its complexity. The results could well contribute
to the research on the impact of climate change on the service life of façades’.
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Abbreviations
List of acronyms used in the article.

Subject Acronym Description

Cladding material

ACF Architectural concrete façades
CTS Ceramic tilling system

ETICS External thermal insulation composite system
NSC Natural stone cladding
PS Painted surfaces
R Rendered façades

Environmental variables

Ag Age
Ca Area of the cladding
E East

Hum Relative humidity and precipitation
Ma Cladding material
N North

NE Northeast
Nf Number of floors above the ground

NW Northwest
Ori Orientation
Pol Pollution from traffic
S South

SE Southeast
Sea Distance to the coastline
SW Southwest
Sw Severity of degradation index
W West

Win Wind

Air pollutants

CO Carbon monoxide
CO2 Carbon dioxide
NO2 Nitrogen dioxide
NOx Nitrogen oxide

PHAs Polycyclic aromatic hydrocarbons
PM10 Particulate matter with aerodynamic diameter below 10 µm
SO2 Sulphur dioxide

Statistical analysis

ANOVA Analysis of variance
CA Cluster Analysis

CATPCA Categorical Principal Components Analysis
CV Coefficient of variation
IQR Interquartile range
Q1 First quartile—25%
Q3 Third quartile—75%

MLR Multiple linear regression
PCA Principal Components Analysis

r Pearson correlation coefficient
R2 Coefficient of determination

SLR Simple linear regression
γ̂ Coefficient of skewness
σ̂ Standard deviation
k̂ Kurtosis
µ̂ Mean
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Appendix A

Table A1. Illustrative examples of the claddings’ degradation condition, which becomes more severe from condition A to E
(discrete scale of Sw ranges, from no visible degradation to generalised degradation).
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