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Abstract: When a building façade does not meet its performance requirements, the integrity and
safety of the structure may be compromised, resulting in the reduction of the building’s service
life. Ceramic tiles are a commonly applied cladding solution due to their aesthetic value and
durability. However, as soon as ceramic claddings are installed, the claddings are subjected to
various degradation agents, thus starting a degradation process in which different anomalies occur
sequentially and simultaneously over the years. This study intends to find patterns of incidence
of anomalies in distinct areas of the façade and to map the risk of occurrence of a given anomaly.
For that purpose, 345 ceramic claddings are analysed (46 buildings, corresponding to 81,500 m2)
in the region of Brasília, Brazil. Four main defects are identified based on visual inspections and
using auxiliary diagnosis techniques, namely (i) detachment of ceramic tiles; (ii) cracking; (iii) grout
failure; (iv) efflorescence. The results reveal that the detachment is the most frequent defect. The
sensitivity maps proposed allow identifying a certain pattern in the occurrence of defects on ceramic
claddings, revealing that continuous walls, transition between floors, and the top of the building
are areas critically vulnerable to defects. The results obtained allow mapping the sensitivity of each
part of the ceramic claddings to a given defect, aiding the detection and diagnosis of the degradation
condition when carrying out inspections on new façades.

Keywords: degradation; façades; ceramic claddings; risk; mapping

1. Introduction

Durability is defined as the ability of a building or its components to perform over time
under specific conditions of use and maintenance [1,2]. According to the Brazilian standard
NBR 15575 [3], a building’s façade must fulfil the basic principles of safety, habitability,
and sustainability. When the façade does not meet the required criteria, the building’s
durability and appearance is compromised, its service life is reduced, and its maintenance
costs increase [4]. Rational and adequate maintenance strategies must be selected in order
to optimise the funds and resources applied in the preventative maintenance strategies
adopted for ceramic-tiled façades [5].

Ceramic tiles are commonly used as a cladding solution due to a number of advantages,
namely ease of cleaning, durability, thermal and acoustic insulation, fire resistance, and
moisture tightness. However, when the ceramic cladding is incorrectly applied, a set of
defects may appear prematurely, jeopardising the performance of the cladding system [6,7].
Each defect has unique conditions that depend on the materials applied, geometric and
design parameters, execution conditions, and climatic, in-use, and maintenance factors.
In an ideal scenario, all types of defects can be avoided during design or construction,
but this is a very difficult objective to achieve [8] since, regardless of whether adequate
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design and execution conditions are adopted, ceramic claddings will naturally degrade due
to the continuous action of environmental degradation agents [9]. In this sense, research
on ceramic cladding façades is being developed to identify the frequency, causes, and
consequences of the most common defects in the façade cladding system [10,11].

Various studies [12–14] address the monitoring and classification of defects in façade
cladding. Most of these studies adopt statistical analysis to identify degradation patterns
and trends, which can be translated into graphic schemes that identify the susceptibility to
defects along the façade. These maps of risk of occurrence of defects can be used to improve
design and maintenance strategies for the elimination or mitigation of the occurrence of
defects [15,16].

This study intends to contribute to the state of knowledge regarding the degradation
of ceramic claddings on façades, mapping the various defects that occur, their severity,
and region of occurrence. Four main defects are analysed: (i) detachment of ceramic tiles;
(ii) cracking; (iii) grout failure; (iv) efflorescence. A sensitivity map is defined for each
defect, according to six regions of the façade. Patterns of degradation for each region of the
façade are obtained through statistical and graphical analyses that may improve the process
of prevention of common defects. Maps showing the risk of given defects are proposed,
which can be used to adopt retro-feedback measures to improve design and maintenance
procedures [17].

2. Degradation of Façades with Ceramic Claddings

The use of ceramic claddings in external façades is common, especially in Mediter-
ranean countries and in South America, both in ancient buildings preserving a past cultural
identity and in modern ones due to the benefits of using this type of tiling [17,18]. Gen-
erally, ceramic-cladded façades consist of a monolithic set of rigid layers fastened to the
substrate, in which the final layer is represented by ceramic tiles with movement joints. The
construction techniques adopted vary across countries. For example, in Spain, ventilated
façade systems are widely used due to their energy efficiency, lower maintenance costs,
and smaller deterioration ratios, adopting aluminium supports fixed to a substructure [19].
In Brazil, the use of ceramic blocks is associated with cultural and economic factors, thus
making brick masonry the most common substrate to which ceramic tiles are glued using
rendering or adhesive mortars [20]. This system presents a fragile non-linear mechanical
behaviour due to low tensile strength and irregularity of adhesion between the different
layers/materials of the system [21].

Brasília presents a unique research opportunity, since most buildings belonging to the
original plan, the “Plano Piloto”, share similar architectural features. In fact, these residential
buildings correspond to six-floor horizontal blocks, supported by pilotis, with façades clad
with ceramic tiling [22,23]. The latter display several common defects due to their long
periods of exposure, easily typified, which render them particularly relevant for the present
research. According to Souza [24], the most recurrent defects in ceramic cladding systems
are ceramic detachment, cracking, grout failure, and efflorescence (Figure 1).
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Detachment is defined by the loss of adhesion between the system’s layers, i.e., the
tile, the adhesive mortar, and the substrate [25]. Ceramic detachment is probably the most
frequently observed defect in façades [26,27] and, in Brasilia, this anomaly corresponds to
71% of the anomalies in façades [28]. It is assumed that a substantial part of this problem is
associated with design and execution errors and the use of inadequate materials [29].

Cracking defects are caused by tensile stresses and differential movements between
the cladding system and the substrate, which is often subject to deformation under the
influence of thermal and mechanical phenomena [30]. Cracking is a concerning anomaly,
since it can promote the occurrence of other anomalies, such as detachment, thus having a
strong influence on the ceramic-cladding system’s service life [31].

Regarding grout failure, the main defects are related to the degradation of the filling
material or the loss of material in the joints. These anomalies occur due to the natural
weathering processes associated with the lack of maintenance activities [11]. The defects in
the joints’ filling material can allow the infiltration of water, which may compromise the
overall condition of the ceramic cladding, reducing its durability and service life, a process
that occurs more rapidly the more aggressive the environmental context [32].

Efflorescence is caused by the crystallisation of soluble salts after the evaporation
of water. This anomaly is characterised by the deposition of salts on the surface of the
claddings. The percolation of water and soluble salts in the microstructure of the ceramic tile
or substrate can promote the chemical and physical degradation of ceramic claddings [33].

Although the different defects have distinct causes, several studies suggest the recur-
rent occurrence of certain defects in specific areas of the façade. These studies [15,34–37]
map the occurrence of anomalies, dividing the façade into regions. In this study, the façade
is divided into six regions, as shown in Figure 2, namely: (i) continuous walls (CW), which
represent the area of the façade without discontinuities, i.e., the façade surface area without
openings for window frames or balconies; (ii) openings (OP), which correspond to the
perimeter of the frames around windows and doors; (iii) balconies (BA), corresponding to
the protruding area of the façade more exposed to weather degradation agents; (iv) corners
and borders (CB); (v) transitions between floors (TF); (vi) top, corresponding to the area
above the last level, that is, a platband, wall, or other type of protection above the roof
or courtyard of a building. Such regions of the façade are defined considering previous
studies and the architectural characteristics of the buildings that respect a pilot construction
plan, thus presenting a homogeneous typology.
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Figure 2. Regions adopted in this study.

The evaluation of a façade’s degradation requires an understanding of the extent,
frequency, and cause of defects. To measure the degradation condition of buildings and
their components, in situ inspections are performed. In this study, this analysis starts with
the collection of information regarding the design, use, and maintenance of the building.



Buildings 2023, 13, 1209 4 of 16

Then, after a visual analysis that can be complemented by auxiliary tests, a degradation
or damage map can be defined. The damage map consists of a precise representation
of defects and changes in materials through graphic symbols with which the different
categories and levels of degradation are represented.

Often, the lack of systematisation of procedures for representing the damage map
can contribute to insufficient information or can compromise the diagnosis and even the
degradation condition evaluation. To standardise the measurement of the degradation
condition of façade claddings, the degradation measurement method (DMM) was created
by the University of Brasília [11] to assess the degradation of building façades, comprising
46 buildings in its database. This methodology is organised in a systematic way, including
the façade inspection and the identification, quantification, and measurement of the defects
through degradation indicators. Figure 3 illustrates the different stages for the assessment
of the defects observed in the façades under analysis. The first stage corresponds to the
image recording of the inspected façade, which can be carried out by conventional cameras
or installed in equipment such as drones. In the second stage, the image of the façade is
orthogonalised (for a correct measure of the areas affected by the different defects). The
third stage is the representation of the defects registered during the inspection by the
creation of a sketch. Finally, the last stage corresponds to the subdivision of the façade in
regions (defined in Figure 2), together with the use of the overlapping mesh, with 0.25 m2

of mesh unit, to quantify the degraded area.
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Figure 3. Details of the sample definition: (a) obtaining the digital image, (b) orthogonalisation,
(c) sketch, and (d) quantification with mesh overlay (adapted from Bauer et al. [38]).

3. Methods

This research is divided into three stages, as illustrated in Figure 4. The first stage
consists of analysing the database, which was developed by researchers from the project
“Degradation, Measurement and Modelling (DMMproject)” of the graduate program in
structures and civil construction at the University of Brasília, Brazil [11]. The second stage
corresponds to the adaptation of the methodology proposed by Gaspar and Brito [15] to
evaluate the probability and sensitivity to a specific defect of the different areas of the
façades. The third stage comprises the definition of a model to represent the probability
of occurrence of specific defects on ceramic claddings in the six regions of the façade
considered, taking into consideration the database of 345 façades inspected in Brasília,
with ages between 5 and 43 years of construction and an average value of approximately
23.5 years.
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3.1. Database

The database covers an area of inspected façades of approximately 81,500 m2. The
samples are characterised according to their age, number of floors, colour and size of the
ceramic tile, characteristics and location of the cladding, orientation, and, finally, bioclimatic
zone. Brasília has a tropical climate with dry winters, according to the Köppen classification,
due to the long dry period during the year, corresponding to bioclimatic zone 4 [39].

After the visual inspection, combined with the auxiliary methods of diagnosis (per-
cussion tests, pull-out tests, and thermography), the mapping of the defects is defined.
As mentioned, four types of defects are considered: detachment, cracking, grout failure,
and efflorescence. Subsequently, the adapted DMMProject index is applied to quantify the
degradation condition of the ceramic tiles analysed, as well as to assess the degradation
trend of the façades under analysis, which will be explained in the following section. The
use of the measurement mesh (Figure 3d) helps to quantify the area affected by the different
anomalies in the six regions considered.

3.2. Adaptation of Probability and Sensitivity Indexes

Gaspar and Brito [15] proposed an index to estimate the probability of occurrence
of a defect with a given degradation level, mapping the sensitivity of the façade to the
appearance of defects. In the research of Gaspar and Brito [15], the probability of occurrence
of a given defect is obtained by the product between the defect occurrence frequency and
the defect condition level, as described in Equation (1).

PD = fD·dlD (1)

where PD is the probability of occurrence of a defect, fD is the frequency of occurrence of
the defect, and dl(D) is the condition level of the defect.

The indicator fD reflects the intensity of degradation in a given region of the façade.
This indicator is obtained by the ratio between the affected area of the region and the total
area of the region on each façade (Equation (2)).

fD =
Ad(r)

Ar
(2)

where fD is the frequency of occurrence of the defect, Ad(r) is the damaged area of the
analysed region (in m2), Ar is the total area of the region (in m2), and r is the façade region
(continuous walls, openings, corners and borders, balconies, transition between floors,
and top).

The condition level of the defect (dlD) considers a hierarchical level of degradation
according to the degree of occurrence of defects. Table 1 presents the definition of the
degradation levels, which are classified according to the extent of degradation.
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Table 1. Defects condition level (adapted by Bauer et al. [11]).

Condition Level ( dl)
Affected Area (%)

Ceramic
Detachment Cracking Grout Failure Efflorescence

1 Good condition (acceptable) No degradation No degradation <10% <10%
2 One-off degradation condition <5% <20% 10% < Ad < 30% 10% < Ad < 30%
3 Service limit state condition 5% < Ad < 30% 20% < Ad <50% >30% >30%
4 Ultimate limit state condition >30% >50% Condition level 3 Condition level 3

The SD expresses the sensitivity of a façade to a given defect (Equation (3)). This
indicator is obtained by the product between the probability of occurrence of a defect (PD)
and the relative weight between defects (RwD).

SD = PD·RwD (3)

where SD is the sensitivity of a façade to a defect, PD is the probability of occurrence of a
defect, and RwD is the relative weight between defects.

The RwD is a constant that weights the relationship between the defect and how this
defect affects the overall performance of the cladding system. In addition, this constant
considers the origins and causes of the defect. The value of the constant is equivalent
to 1.00 for ceramic detachment, 0.77 for cracking, 0.28 for grout failure, and 0.11 for
efflorescence [38–40].

3.3. Model Façade and Standard Maps

There are different forms of representation proposed for the damage maps as a record
of the level of commitment of the constructive elements and the functionality of the build-
ings [41,42]. However, the most common maps used present insufficient information,
compromising an efficient understanding of the degradation condition of the element
under analysis. In this sense, the systematisation of the procedures and an accurate graphic
representation of the degradation is required to minimise inaccuracies in the analysis and
diagnosis of the degradation condition of ceramic claddings.

A prototype façade is proposed to obtain a representative façade from the database.
As mentioned, Brasília was built using an urban and architectural master plan [7], therefore
having a relatively standardised construction, which implies that the sample buildings
have comparatively homogeneous characteristics similar to the prototype proposed in this
study. Therefore, the prototype façade is defined considering the common characteristics
to all buildings in the database. This prototype façade has three floors plus the pilotis (an
open area supported by pillars that corresponds to the projection of the surface of the
floor immediately above) and is subdivided into six regions, as illustrated in Figure 5.
This prototype façade is adopted for the definition of a standard map and to carry out the
analysis of sensitivity of ceramic claddings to degradation by region.

The definition of the standard maps is carried out using current computer aided
design software and adopting topographic techniques applied to the prototype façade. The
standard maps of sensitivity to the degradation of ceramic claddings are defined based on
the technique of linear interpolation in combination with the triangular irregular network
(TIN) technique. The similar values are interconnected, generating contour lines, i.e., lines
that connect points with the same “altitude”. This technique is widely used in topographic
studies for the definition of contour lines [43].

In this study, the prototype façade is treated as a topographic plane in which the
contour lines represent the sensitivity values of the façade to degradation, resulting in
standard maps. The data entered in the standard maps refer to the indicator of sensitivity
of the façade’s ceramic claddings to degradation. A standard map for the sensitivity of
ceramic claddings to each defect is defined and is discussed in the next section.
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Corners and borders

Openings
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Transition between floors

Figure 5. Prototype façade and subdivision by regions.

4. Discussion of the Results

Sensitivity maps are tools that allow verifying which regions are the most sensitive to
defects. These sensitivity maps are extremely important to understand in more detail the
degradation mechanisms of ceramic claddings, thus identifying the regions most prone
to the occurrence of a given defect. The use of these maps is crucial for the prevention
and mitigation of defects on the façade as a whole and for specific regions at the project
stage and during construction, use, and maintenance phases. The results of the façade’s
sensitivity to degradation (Table 2) provide information for the definition of the standard
maps. Because these are measurements multiplied by an impact factor (RwD), the resulting
values are non-dimensional.

Table 2. Ceramic cladding sensitivity to degradation for each defect and by region.

Sensibility Detachment Cracking Grout
Failure Efflorescence

Continuous walls 0.654 0.105 0.012 0.0035
Openings 0.390 0.038 0.016 0.0003
Balconies 0.071 0.010 0.002 0.00003

Corners and borders 0.634 0.121 0.017 0.0026
Transition between floors 0.694 0.140 0.020 0.0027

Top 0.559 0.178 0.018 0.0009

Ceramic tile detachment is the most important anomaly to be mapped, since its
occurrence compromises the integrity of the coating and the safety of users and passers-
by. Figure 6 presents the probability of the occurrence of detachment in the six regions
considered and Figure 7 shows the standard map for the ceramic cladding sensitivity
to detachment. The results reveal that the regions of transition between floors (0.694)
and continuous walls (0.654) are more prone to the occurrence of detachment of ceramic
claddings. When analysing the occurrence of detachment with the highest degradation
level (level 4, in Figure 6), the results show a higher incidence of severe detachment in
the transition between floors (TF), in the top of the building (TO), and in the borders and
corners (BC).
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Figure 7. Standard map of the sensitivity of ceramic claddings to detachment.

The results of the occurrence of cracking in ceramic claddings (Figures 8 and 9) reveal
that the top region of the building presents a higher sensitivity to cracking (0.178). This
region is more subjected to differential movements by thermal expansion due to high
solar incidence and exposure to rain that promote the occurrence of cracks [44,45]. When
analysing the highest degradation level (Figure 8), the higher occurrence of cracking in
level 4 occurs for the regions of transition between floors (TF), for the top of the building
(TO), and for the borders and corners (BC), which can be also justified by the concentration
of loads in these regions [15]. Several researchers [7,11,46] suggest that, despite their high
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incidence on the façade, cracks are anomalies that tend to stabilize after their occurrence.
Nevertheless, cracks due to shrinkage or expansion movements of various natures tend to
occur in regions of higher defect concentration, being a headway to other eventual future
anomalies.
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The sensitivity map and the probability of occurrence of defects seem to reveal that
detachment tends to occur in the regions with higher accumulated stresses; in fact, continu-
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ous walls concentrate loads from structural movements and the transition region between
floors tends to accumulate the loads of the structure, coming from pillars, beams, and slabs
for later distribution to the foundation of the building. Consequently, the lack of movement
joints and/or the inadequate sizing of the structure tend to cause low mechanical strength
and inefficiency in the absorption of structural deformations. Moreover, the detachment of
ceramic claddings is conditioned by execution errors, such as laying the ceramic tiles on a
contaminated or mistreated surface, inadequate thickness and rigidity of the bending mor-
tar, and the absence or deterioration of the joints, which accelerate the ceramic claddings’
degradation process [29].

Regarding the probability of occurrence of grout failure in ceramic claddings by re-
gion (Figures 10 and 11), the sensitivity map reveals a higher sensitivity for the regions of
transition between floor (0.020) and top of the building (0.018). The transitions between
the floors, the top, and the borders and corners present the higher occurrences of anoma-
lies in level 3. These regions are particularly affected by differential movements, whose
concentrated stresses are absorbed by the cladding joints. In this sense, the main reasons
for the prevalence of grout failure in these regions are the inadequate dimensioning of
joints (e.g., insufficient or with inadequate width), the adoption of inadequate grout filling
materials, and the absence of regular maintenance actions [47]. The sensitivity of the top
region is associated with a high exposure to weather agents, such as solar incidence and UV
radiation exposure and driving rain, whose cumulative effects over time tend to increase
the occurrence of grout failure defects [46–49].
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Figure 10. Occurrence of grout failure in ceramic claddings by region and by degradation level.

Figures 12 and 13 present the sensitivity and probability of the occurrence of efflo-
rescence in ceramic claddings by region. Efflorescence is often related to the ingress of
moisture into the cladding system. The formation of stains may be a response to the lack
of elements to conduct water percolation, promoting the accumulation of soluble salts in
the composition of the materials of the cladding system. The results reveal a prevalence
of occurrence of efflorescence of levels 2 and 3 in transition between floors, borders and
corners, and continuous walls (Figure 12). The regions most prone to efflorescence tend
to be those that receive a greater intensity of weathering actions. Continuous walls and
borders and corners are regions exposed to wetting/drying cycles during driving rainfalls,
which lead to the presence of water in the cladding during long periods of exposure. These
regions are also highly prone to detachment, which in turn may promote the ingress of
moisture into the cladding system [50–52]. The transition between floors and thermal
bridges can also influence moisture absorption variations in the wall, as well as differential
deposition of dirt and sediments into ceramic cladding systems. Finally, the design con-
ditions and the presence of sills, drip pans, and water drainage ways may also influence
the occurrence and the development of efflorescence and moisture-related defects into the
different regions [53,54].
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Sensitivity analysis to detachment, cracking, grout failure, and efflorescence reveals
that balconies are the regions with lower incidences of defects, with a value equal to 0.071,
0.010, 0.002, and 0.00003, respectively. In addition, the balconies are elements that present
individual degradation patterns, since they are separate/protruding from the continuous
façade, functioning as instruments for moisture deviation and percolation.

Despite not computing specific characteristics of the buildings, the factors that com-
pose the database directly influence the results, to which the average of the results is
analysed for the definition of the sensitivity maps. The age, number of floors, colouration,
size of the tiling, and orientation of the façade will be analysed in future studies.

Regarding the initial phases of data collection, the percussion test is crucial to ascertain
the current degradation of the façades, as well as the adoption of complementary tests on
the ceramic tiles, such as water absorption and expansion by humidity. The deterioration
of existing façades is the result of the combined action of degradation agents that are
intertwined with various factors. The different degradation agents that act on the façade
system and impair its durability, as well as the conditions under which the failure process
takes place, must be considered in the design. Once durability is compromised, the
service life of the system is reduced. The causes and behaviour of the degradation are not
completely understood, since several factors that affect the degradation mechanism act
simultaneously [10,14,40].
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5. Conclusions

This study considers the research hypothesis that graphical models can be used
to illustrate and map the levels of degradation of buildings’ façades. To confirm this
hypothesis, the mapping of the degradation of buildings in Brasília, Brazil are carried out
based on an extensive database of the condition of ceramic-clad façades previously assessed
through visual inspections. The data collected allow assessing the pattern of degradation
of façades with ceramic tiles, considering the four main defects observed in these claddings
(detachment, cracking, grout failure, and efflorescence). In this context, different sensitivity
maps are drawn that illustrate the probability of occurrence of the most common defects in
six distinct regions of the façade.

Overall, it is concluded that detachment is the most common type of defect in ceramic
tiles applied to façades and the one that presents the most serious consequences. This defect
often occurs due to a reduced adhesion resistance caused by intense heating and cooling
cycles. An incorrect execution and inadequate selection of materials can also promote the
detachment of ceramic tiles. This defect is considered the most serious among the different
defects analysed, since it jeopardises the safety of owners and users. Moreover, this defect
is difficult and expensive to correct, sometimes requiring a complete replacement of the
cladding. Although the occurrence of other defects on the façades, such as efflorescence
and grout failure, is common, the latter occur in less significant proportions, with less
influence on the overall degradation process of the façade.

The continuous wall region—wall surfaces without openings—presents the higher
incidence of defects, given its greater extension when compared with other regions of the
façade. The sensitivity map allows evaluating the area affected by the defects relative to
one another by assessing the probability of occurrence of defects in the different regions.

When analysing the area affected by the defects in a relative way, assessing the
probability of occurrence of defects through the sensitivity map, the continuous wall region
presents a higher incidence of defects, thus compromising the overall degradation condition
of ceramic claddings. The regions of transition between floors, the top of the building, and
borders and corners are strongly vulnerable to detachment, cracking, and grout failure. The
high predominance of these defects in these regions can be explained by the concentration
of stresses caused by differential movements (e.g., interface between the masonry and
structural beams on rigid construction systems). Significantly, the sample analysed reveals
improperly designed joints, either due to inadequate dimensions or by inadequate filling
materials, which promote the appearance of defects in those regions due to the inability to
absorb the deformations suffered by the cladding during its service life. When compared
with the other regions under analysis, balconies have a lower sensibility to the presence
of defects.

This information may be used for better design and construction decisions at the
beginning of a building’s life cycle, helping to prevent and mitigate the occurrence of
defects. It is worth mentioning that the standard façade model was produced by CAD
(computer aided design) software. It is therefore possible to transform it into an IFC
(industry foundation classes) file, which establishes international standards of properties for
objects in the construction industry. In this way, it is possible to introduce this information
at the initial design stage of the project in order to control the first levels of degradation
and to prevent the defects in the construction elements.
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