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Abstract: The sustainability of building envelopes is affected by its windows, since these establish
the connection/separation between the indoor rooms and the external environment. They can also
lead to problems if they do not offer sufficient protection against external agents. The data source
in this research is unprecedented, as it is based on records of court sentences. There is a significant
number of cases (1615), which provides high representativeness for the functional reality of windows.
The methodology that was developed classifies the defects and the causes that were found, also
analysing correspondence with their recurrence according to aspects of climatological location. In the
results, the cases pertaining to water infiltration, air permeability and humidity by condensation are
highlighted. This study provides a vision that categorizes problems related to aluminium windows
that may be useful for future interventions by agents participating in the construction process.

Keywords: air permeability; watertightness; airtightness; infiltration; aluminium window frames

1. Introduction

Windows are indispensable construction units for building facades, given their implications
for basic aspects related to habitability and comfort such as watertightness [1], air permeability [2],
lighting [3], etc. At the same time, these openings interrupt the continuity of external walls and amount
to numerous singularities in the construction solution that still need to meet all requirements of the
envelope, without decreasing the performance of the whole. In fact, when characterising windows,
one must note both their own elements (the frame and the glazing) and all the perimeter elements
that are part of the opening (external windowsill, lintels, jambs and blinds, as well as the assembly
and sealants) that share the same functions. As such, windows constitute one of the most problematic
elements in the study of the envelopes of buildings, these being determinant for attaining suitable
parameters for their performance [4].

In this way, the interrelation between the sustainability of the property and that of its windows
is quite significant [5]. Windows exert an influence on basic aspects of building functionality, both
at the level of internal comfort and with regard to maintenance, construction quality and repairs
throughout buildings’ service lives. This is shown by the direct effects that dysfunctions related to
windows have on the increase in the work and maintenance costs of the building—all key factors
in their sustainability [6,7]. Equally, in the construction phase for buildings, windows are decisive
for both quality and costs, featuring among some of the common non-conformities that arise during
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execution, and lead to significant deviations from the initial budgets for the works [8]. Windows are
also usually a part of renovations that take place during the service lives of buildings and are key
to evaluating the perception of the quality of houses, as can be observed in the efficiency indicators
established subsequent to repair and rehabilitation works [9].

In the studies on the openings of windows, there are numerous lines of enquiry, with a recent
focus on energy efficiency, which constitutes one of the critical points in the analysis that was carried
out. As for energy savings, windows have different considerations. On the one hand, when aspects
related to the air permeability of the thermal envelope are addressed, these are responsible for most
of the volume infiltrated through the envelope [10,11]. On the other hand, one must remember that
the transmittance of windows is one of the main points of the facades through which internal heat
and cold are lost. This is the case because their values are usually clearly lower toward the opaque
parts—due to the characteristic values of the materials usually employed in the frames and in the
glazing [12,13], as well as to the probability of the appearance of thermal bridges in the most common
construction solutions [14]. In this line of research, there are numerous publications that examine
the insulation provided by windows, its impact on building energy demands and interventions for
improving it [15,16]. From this energy perspective, one should also note the effect of solar radiation
entering the building through the glazing of windows, the consequences of which are not always easy
to mitigate [17].

Construction aspects are also relevant to the study of windows, since these influence numerous
building defects. The problems related to humidity make up a large portion of the damage related
to traditional facades [18]. Based on this assumption, the existence of numerous joints and operable
parts leads to windows and the contours of their respective openings being especially vulnerable to
rainwater infiltration [19]. Equally, the flows of temperature and moist air that go through windows are
reflected in the appearance of humidity by condensation [20]. Additionally, despite its lesser impact,
one must also point to the roles played by windows and their perimeter elements in the causes of some
problems related to fissurations and to the stability walls, especially those made with bricks [21].

Given the amplitude of this set of factors related to defects in windows and their environment,
inspection and diagnosis activities that can effectively detect problems and dysfunctions in these
construction elements become very important. In the last few years, there has been, in this field,
an important development in the methods used for the testing of windows and other elements of
the building envelope, largely due to the needs of energy evaluations for buildings [22]. In this way,
permeability measurement techniques such as the test blower door [23,24], thermometric tests for
the measurement of the transmittance [25], infrared thermography [26] and tests of watertightness
against the effects of wind-driven rain [27], among others, are increasingly present (both in the scientific
literature and in their spread in the industry).

As a result, the knowledge as to construction defects in windows shows a panorama with multiple
variables [28]. In the face of this situation, it is especially useful to have carefully categorised databases
for a clear definition of critical points to be able to avoid the repetition of problems in future construction
interventions, actively contributing to their sustainability. It is not very common to find publications
that incorporate any type of cataloguing of construction problems. Nevertheless, certain examples
are found to be focused on the typologies of defects related to the building in general [29] and on the
reasons behind repairs and renovations [30]. Of particular interest to this research is the work focusing
on window frames, including studies on the influence of frame components [31,32], on degradation [33]
and on modelling the inspection for window defects [34] or on predicting their service lives [35,36].

The current study provides a novel analysis of defects related to windows (as well as their causes),
since it was carried out on a large database of judicial complaints filed by users. It is thus intended to
provide a classification and grading of defects that were actually complained about by building users,
as well as evaluating their recurrence according to climatic location. In this regard, the influence of
rainfall, climate and latitude on the appearance of defects was also examined.
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2. Methodology

2.1. Scope of Study

The data for this research were obtained from the records of complaints for damages of the civil
responsibility insurance company of building engineers in Spain [37]. Each record originated from the
observation of a construction defect between the years 2008 and 2017 [38] that was subsequently the
target of a judicial complaint and was definitively resolved before its inclusion in this paper.

These records (that were handled directly by the authors) contain not only data on the contract
between the insurance company and the insured party but also the sentences of the courts of law,
according to the complaints filed by the users of the buildings in which the construction defects appeared.

These sentences, issued after the verification by the courts of law that the defects in question were
indeed present, detailed the characteristics of the defects, indicating that the problems in question
should be resolved. The initial sentences could be appealed to higher courts a number of times until
they were no longer appealable and were considered final. That is the point at which the authors
proceeded with including the data as part of this research. A copy of all those judicial documents
is held by the insurance company of the participating building engineers. It was necessary, as such,
to review thousands of pages in these records to extract the technical data and separate them from
administrative or contractual information.

No precedents were found for research carried out by other authors on window defects based on
this type of database, nor was a relevant data set with such a large number of cases (1615) found.

2.2. Characterisation

The parameters characterised in the research were the following— “effects” (d) and “originating
cause” (OC)—both for windows (W), as the construction unit under study. Windows are classified into
two types: normal windows (NW) and bay windows (BW); all of the windows had aluminium frames.

Table 1 shows the different types of defects and originating causes, as well as the codes assigned
to them (this is the material that is most predominant in Spain, whereas other materials, such as wood,
are seldom used in window frames).

Table 1. Types of defects and originating causes that were analysed.

Parameter Concept Code
Water infiltration dWI

Air permeability dAP

Defects Humidity by condensation dHC
Oxidation or corrosion dOoC

Absence/deficiency of sealant ocAS

Originating causes Inadequate construction material and/or placement ocIC
& & Existence of thermal bridges ocTB
Incorrect assembly process oclA

Likewise, the ‘construction typology’ of the windows with defects was also studied, being divided
into ‘flats’, "houses’ and “other buildings’. Below are shown some photographic examples of some of
the defects (Figure 1).



Sustainability 2020, 12, 7398 4 0f 15

E |

Infiltration of rainwater through a window Humidities on the inside of a wall and two windows

Figure 1. Photographic examples of two types of defects studied.

2.3. Factors of Study

In addition to the parameters indicated above, in this research were also used other concepts that

enabled ascribing each one of the defects to a climatological factor. There were three factors, indicated
in Table 2. This table also indicates the categories into which each factor is broken down.

Table 2. Types of factors and their categories, as included in the research.

Factor Categories
Factor 1: Rainfall High Medium Low —
Factor 2: Climate Oceanic Continental  Mediterranean Subtropical
Factor 3: Latitude North Central South —

The information related to the factors established for each geographical area of the territory in

question (Spain) is referred to in this study as ‘location strips’. Their classification was carried out
based on the indications of the Spanish Meteorology Agency [39]:

Rainfall. It consists of three categories: ‘High’ (>700 mm/m?), ‘Medium’ (between 450 and 700 mm/m?)
and ‘Low’ (<450 mm/m?), according to the available meteorological data.

Climate. It is made up of four categories: ‘Oceanic’, ‘Continental’, ‘Mediterranean’ and ‘Subtropical’.
Small sub-areas, with a reduced extension, were not considered in this factor.

Latitude. It consists of three categories: ‘North’, ‘Central” and ‘South’. It corresponds to the
geographical areas according to their situation within Spain.

Using said factors, a percentage study was carried out for the recurrence of all defects, applying

each factor individually, combining two at a time, and combining the three factors together. In this
way, one obtains the “percentage of number of cases” (%NC), which corresponds to the different cases
(location strips) when applying the categories into which Factors 1, 2 and 3 are sub-divided.

Subsequently, using these %NC values and simultaneously applying the three factors (a closer

approximation of reality), the percentages are sorted to subsequently establish the ‘ranks of concentration
of defects’.

In order to homogenise the values obtained, the following was carried out:

The percentages of the ‘location strips’ that were closer are added up to one another and sorted
from largest to smallest, the value thus obtained being referred to as ‘total %NC".

The aforementioned value was divided by the number of homes in Spain [40] for that set of
location strips, obtaining an dimensionless value that could be compared (relative frequency).
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e  With the objective of better handling and visualising these last values, the relative frequencies
were divided by the largest value, thus obtaining a ‘normalised relative frequency’ for each
pluvio-climatic zone.

The eleven results by ‘location strips” and by three factors were characterised to obtain the ‘ranks of
concentration of defects” according to the percentages obtained. From the values of these ranks, ‘zones
pluvio-climatic’ were configured in such a way that all those eleven combinations were simplified into
just three zones (ZONE A, ZONE B and ZONE C).

3. Results

3.1. Results by Type of Element and Defect

Figure 2a shows the number of cases by type of element. Normal windows amount to 95% of the
total (NW = 1538 cases), while bay windows constitute the remaining 5% (BW = 77 cases). In turn,
Figure 2b represents the percentage distribution according to the types of defects, it being shown
that 6 out of every 10 cases belong to ‘water infiltrations” (AWI = 60.8%). The following defects—‘air
permeability’ (dAP) and "humidities by condensation’ (dAHC)—are practically the same.

d0C=0.8%

dHC=19.0%

NUMBER = NW o dWI=60.8%
OF CASES = BW PERCENTAGES
dAP=19.4%

(a) (b)
Figure 2. Numbers of cases in the research (a) and percentages by types of defects (b).

If we break down the number of cases for each type of defect and according to the element in
which it occurs (normal window or bay window), we obtain the values that are shown in Figure 3.

1000
800
600

dwi

400

200

Figure 3. Number of cases by type of defect and by type of element.
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Based on Figures 2 and 3, it is evident that problems related to the performance of windows in
terms of hermeticity (in terms of permeability to air as well as water) represent nearly the totality of
the impact on building users. This implies that the construction configuration and the commissioning

of windows must mainly satisfy the requirements on watertightness (absence of infiltrations) and
air permeability.

3.2. Results by Type of Originating Cause

As indicated in the methodology section, four different types of originating causes were found in
this research. It can be noted that the ‘absence/deficiency of sealant” occurs practically 2/3 of the time
(0cAS = 66.4%). The second position (ocIC = inadequate construction material and/or placement) and
the third position (ocTB = existence of thermal bridges) have quite similar values, differing by less
than one percentage point.

Consequently, with the distribution of the originating causes shown in Figure 4, one can observe
a majority of issues pertaining to sealing and to the placement during construction. These aspects
are directly related to water infiltration and air permeability (dAWI and dAP). Complaints related to
thermal parameters (ocTB and oclA) appear to be far less relevant.

66.4%

70.0%
60.0%
50.0%
40.0%
30.0%
20.0%
10.0%
0.0%

0.5%

ocAS
oclC
ocTB oclA

Figure 4. Percentage of recurrence according to the type of originating cause.

3.3. Determination of the Pathology Trinomial Sets

The term ‘pathology trinomial set” will be used to refer to construction interrelations that lead
a certain type of originating cause to produce a type of defect in one of the two types of windows
studied. The data analysed yield 16 different combinations.

Figure 5 shows the number of cases for each one of the 16 pathology trinomial sets found.
For a simpler conceptual association, the colours employed for the originating causes are the same
as those employed in Figure 4, and the identifying colours for the defects are those used in Figure 3.
In addition, Figure 5 indicates the number of cases for each one of the types of defects and originating
causes so that they can be evaluated as part of the whole set of the results found.

The most frequent trinomial set is ‘absence/deficiency of sealant’ that leads to ‘water infiltrations’
in ‘normal windows’ (ocAS-dWI-NW = 779). It is followed in second place by the ‘existence of
thermal bridges’ that leads to ‘humidity by condensation’ in ‘normal windows’ (ocTB-dHC-NW = 247).
In third place is the ‘absence/deficiency of sealant’ that leads to “air permeability” in ‘normal windows’
(ocAS-dAP-NW = 246). The fourth position is held by ‘inadequate construction material and/or
placement’ that leads to ‘water infiltrations’ in ‘normal windows’ (ocIC-dWI-NW = 155).

The sum of cases of these first four pathology trinomial sets (from among the 16 sets) equals
1427 cases, or 93% of all the cases. As such, there is a Pareto relation of 25-93; 25% of the pathology
trinomial sets lead to 93% of the cases researched.

Some other aspects can also be highlighted: defect dOC is only originated by cause oclIC, cause
ocTB only leads to defect dHC, cause ocIA only leads to defect dAP, cause ocAS leads to two defects,
and cause oclIC leads to all the types of existing defects.
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These pathology trinomial sets confirm that, to reduce most of the problems found and to reduce
most of the problems found during the service life, windows should be constructed with the utmost
care for their hermeticity (air permeability and watertightness). It is highly recommended to carry out
verifications in situ ofn these aspects before the commissioning of the building.

dWI (816)
ocAS :
BW=10
AAP (256) g |—
NW=246
(BW=11 |
NW=155/
BW=3
dAP (49) g |p———
NW=46
oclC H —

BW=2

[ Nw=44
 coc o Ml
(NW=12 |

[ BW=13
allly +c =0 JiTE
NW=247|

oclA dAP (3) NN

Figure 5. Number of cases according to the type of pathology trinomial set found.
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3.4. Results by Construction Typologies

As indicated, during the process of data collection, the typology construction wherein each of the
defects occurred was noted. The higher percentages were found in ‘flats’ (63.03%). See Figure 6.

Flats
80%
63.03%
60%

40%
20%

0%
2.48%

34.49%
Other Houses
Buildings

Figure 6. Percentage of defects according to the construction type.

From this distribution, it can be deduced that the greater height of multi-storey buildings, which
increases their exposure to weather, may explain the frequency of complaints in this type of building.

3.5. Pluvio-Climatic Study of Defects

Given that the defects collected in the database are mainly related to environmental parameters
(humidity, air infiltration, etc.), their relationship with the factors of the different climatic areas will be
of interest.



Sustainability 2020, 12, 7398 8 of 15

The analysis that is carried out in this section explores the recurrence of these problems according
to the pluvio-climatic location of the cases in a way that establishes a quantitative association between
defects and weather conditions.

3.5.1. Determination of the Location Strips

Table 2 establishes the three main factors of the environment: rainfall, climate and latitude,
as well as their respective categories. Their details are shown in Table 3, which contains the different
combinations of these categories, resulting in ‘location strips’.

Table 3. Percentages of recurrence of the defects according to each of the factors analysed.

Factor Location Strip %NC % Total
High 28.05%
Rainfall Medium 54.86% Factor 1
Low 17.09%
Oceanic 28.92%
Single Factor . Continental 30.46%
® Climate Mediterranean 37.15% Factor 2
Subtropical 3.47%
North 51.27%
Latitude Central 29.47% Factor 3
South 19.26%
High-Oceanic 28.92%
Medium-Continental 22.72%
Rainfall and Medium-Mediterranean 31.27% Factor 1
Climate Low-Continental 7.74% Fac:—or ’
Low-Mediterranean 5.88%
Low-Subtropical 3.47%
High-North 28.92%
Medium-North 19.20%
Rainfall and Medium-Central 24.89% Factor 1
2 Factor Latitud Medium-South 9.90% +
Combination atitude Low-North 3.16% Factor 3
Low-Central 4.58%
Low-South 9.35%
Oceanic-North 28.92%
Continental-North 10.40%
Continental-Central 17.71% Factor 2
Climate and Continental-South 2.35%
Latitude Mediterranean-North 11.95% Fac_t'—or 3
Mediterranean-Central 11.76%
Mediterranean-South 13.44%
Subtropical-South 3.47%
High High-Oceanic-North 28.92%
Medium-Continental-North 7.25%
Medium-Continental-Central 13.13%
Medium Medium-Continental-South 2.35% Fac:or 1
3 Factor Medium-Mediterranean-North 11.95%
Combination Medium-Mediterranean-Central 11.76% Factor 2
Medium-Mediterranean-South 7.55% +
Factor 3
Low-Continental-North 3.16%
Low Low-Continental-Central 4.58%
Low-Mediterranean-South 5.88%
Low-Subtropical-South 3.47%

%NC = percentage of the number of cases.

As shown in the upper section of Table 3, the location strip with the highest percentage by rainfall is the
‘medium’ (54.86%); by climate, it is the ‘Mediterranean’ (37.15%), and by latitude, it is the ‘north” (51.27%).
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As indicated in the middle section of Table 3, it can be noted that there is one location strip
that shows a higher result than the others by the percentage of recurrence of construction defects:
‘medium-Mediterranean’ (31.27%). Following it, there is a triple tie between three location strips:
‘high-oceanic’, ‘high-north” and ‘oceanic-north’.

When combining Factors 1, 2 and 3 simultaneously (lower section of the same table), the location
strips with the most cases are ‘high-oceanic-north’ (28.92%) and ‘medium-continental-central” (13.13%).

3.5.2. Determination of Zones by Ranks of Normalized Frequencies

Table 4 establishes a quadrant in which “pluvio-climatic zones’ are defined according to the ‘rank
of concentration of defects’. Thus, according to the percentage of the number of cases (%NC), if it is
greater than 15, one will be in ZONE A; if %NC is between 7 and 15, one will be in ZONE B; and if
%NC is less than or equal to 7, one will be in ZONE C.

Table 4. Classification by ranks of the pluvio-climatic zones sorted by intensity of recurrence.

. . Relative Normalised Pluvio- Rank of
Location Strip %WNC Total F Relati Climati C trati
(Rainfall-Climate-Latitude) ° %NC - reduency ¢ atve jmatic . Loncentration
(x10-5) Frequency Zone of Defects
1 High-Oceanic-North 28.92%  28.92% 7.05 1.00 A %NC > 15
2 Medium-Continental-Central 13.13%
3 Medium-Mediterranean-North ~ 11.95%
4 Medium-Mediterranean-Central ~ 11.76%  51.64% 3.03 0.43 B 7<%NC<15
5 Medium-Mediterranean-South 7.55%
6 Medium-Continental-North 7.25%
7 Low-Mediterranean-South 5.88%
8 Low-Continental-Central 4.58%
9 Low-Subtropical-South 3.47%  19.44% 2.51 0.36 C %NC <7
10 Low-Continental-North 3.16%
11 Medium-Continental-South 2.35%

The above-mentioned Table 4 also has an intermediate column (relative frequency) that includes
the percentages of defects as a function of the numbers of homes in Spain in each of the location strips.
Given that the relative frequencies were low, they were standardised: the highest relative frequency
was assigned a value of 100%. The remaining values referred to this normalised value (column named
‘normalised relative frequency’).

Based on Table 4, it can be noted that the regions of Spain situated to the North, with an oceanic
climate and high rainfall, show higher standardised proportions of defects. In other words, windows
located in buildings in these areas have a much greater risk of having defects that are complained about
judicially. This is explained by the fact that these zones have a very moist environment and infiltration
defects lead to frequent complaints. The exception is the last row of Table 4 (‘"Medium-Continental-South’
strip) that possesses considerable rainfall and a low percentage. In this case, however, one must note the
influence of the location to the South and the continental climate, which produces high temperatures,
limiting the effect of humidity.

3.5.3. Individual Analysis According to Each Factor and Type of Defect

An analysis was carried to determine in which climate location strips each of the four types of
defects found in windows occurs with a higher percentage of recurrence.

e  Water infiltrations (dWI)

This defect occurs more with medium rainfall (54.28%) than with high (29.12%) or low rainfall
(16.60%). It was shown that there is a greater presence in the Mediterranean climate (39.82%) than
in the oceanic (29.94%) or continental (26.17%) climates. In addition, this defect occurs quite rarely
in the subtropical climate (4.07%). As for latitude, it is more common in the North (48.37%) than
in the Central part (28.41%) or in the South (23.22%).
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e  Air permeability (dAP)

This type of defect occurs more with medium rainfall (61.98%) than with high (23.96%) or low
rainfall (14.06%). It was shown to occur with similar frequency in the Mediterranean (37.08%)
and continental climates (36.42%), while in third place is the oceanic climate (24.90%), and in last
position is the subtropical climate (1.60%). As for latitude, more than half of the time, dAP occurs
in the North (54.95%), occurring in the Central part almost one third of the time (31.31%), while
the South comes last (13.74%).

e  Humidity by condensation (dHC)

There is medium rainfall on approximately half of the occasions (49.19%), followed by high
(28.34%) and low rainfall (22.47%). Presence in the continental climate (39.82%) was observed in
the majority of cases, followed closely by the oceanic (29.32%) and the Mediterranean (28.01%)
climates. As with previous defects, the subtropical climate was the least recurrent (3.58%). As for
latitude, the North clearly remains as the climate strip with the most cases (56.68%), followed by
the Central part (30.29%) and the South (13.03%).

e  Oxidation or corrosion (dOC)

There are no cases of this type of defect with low rainfall, while more than one third of the time,
it occurs with high rainfall (38.46%), and nearly two thirds of the time, it occurs with medium
rainfall (61.54%). This defect also does not occur in the subtropical climate and has quite a low
presence in the continental climate (7.69%). It appears occasionally in the oceanic climate (38.51%)
and frequently in the Mediterranean climate (53.80%). Lastly, this type of problem does not occur
in the strips to the South of the country, and there is not a significant difference between the
Central part (46.15%) and the North (53.85%).

The individual analysis by each factor and type of defect confirms the information presented in
Table 4, in the sense that the most adverse climatological locations exhibited higher shares of defects.
It can be highlighted that, considering only the phenomenon of rainfall, the places with medium rainfall
have more cases than those with high rainfall. This must be explained by the higher performance of
windows situated in areas where heavy rain leads to more careful construction practices.

3.5.4. Breakdown of Defects in the Strips with Higher %NC

To have a more detailed perspective of how each of the types of defects were distributed in the
most problematic location strips, Table 5 was produced. The criterion used was to select the four strips
with %NC > 10%.

Table 5. Number of cases according to each type of defect in the four most problematic location strips.

Location Strip %NC dWI dAP dHC dOC  Total of Cases
1 High-Oceanic-North 28.92% 286 75 87 5 453
2 Medium-Continental-Central 13.13% 125 48 38 1 212
3 Medium-Mediterranean-North 11.95% 104 48 39 2 193
4 Medium-Mediterranean-Central 11.76% 123 38 24 5 190

If said table is analysed, it can be seen that the distributions for each type of defect are quite similar
with respect to the percentage of cases they represent in each of the location strips. Thus, dWI has a
range of presence between 54% and 65% (with 60% as the average), dAP has a range of presence between
17% and 25% (with 21% as the average), dHC has a range of presence between 15% and 20% (with 17% as
the average) and dOC has a range of presence between 0.5% and 3% (with 1% as the average).
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4. Discussion

4.1. Reflections on the Database

Based on Section 2 above, the method used in this research is not a ‘survey’ and is certainly not an
‘experiment’. It is not a ‘simulation’, and it is also not a ‘case study’ (it does not focus on a specific case
of a building or situation, or on a limited and unique area with previously selected characteristics).
The analysis was carried out over the ‘general census of cases’ (taking into account and studying the
global record of existing judicial records) for the entirety of a country, under the principles of generality
and simultaneity.

As such, all the cases analysed correspond to the total set existing in Spain in the period of the
study—in other words, 100% of all the emerging cases were collected herein (no case was left out).
As such, they do not only constitute a more-or-less characteristic sample whose representativeness
needs verifying; rather, they encompass the totality of all the defects found between the years 2008
and 2017 (there is no error or uncertainty, as it is not a partial sample). This constitutes another novel
contribution of this research, given that it is generally not possible to collect the entirety of relevant
data in a nation.

It should be pointed out that the set that was researched is quite homogeneous regarding building
age. All the buildings, and all the windows analysed, had been built relatively recently. Spanish
legislation envisions a three-year warranty period for this type of construction element, starting from
the time the works are completed. As such, if any type of defect exists, owners should file judicial
complaints in this period. This is why there is no dispersion or distortion of the data resulting from the
possible deterioration of window frames caused by the passage of time.

As can be seen, the methodology did not include a number of other objectives that could also
have been of interest but are out of the scope and fundamental ideas of this study. These could include
trying to ascertain the possible responsibilities of the different participants. This aspect was explicitly
left out of the permission given to the authors for accessing the data source, for which reason this
aspect could not be assessed.

In future studies, it would be of interest to try to correlate defects with other climatological
aspects. This analysis must be based on the exact location of each building—an aspect that was not
possible to obtain in the data collection process, given the limitation that was imposed to maintain the
confidentiality and protection of certain information. Should this sensitive information be accessible,
one would correlate it with other external parameters not contained in the judicial process. All these
parameters should be processed for each of the 1615 cases in question. This gives an idea of the
difficulty of obtaining and quantifying all these variables.

4.2. Several Considerations

The knowledge of the most recurrent construction defects in different construction units is very
important for trying to minimise them in subsequent technical interventions, be it during the design [41]
or execution stages. There are also two additional advantages: possessing a good maintenance strategy
during the service life and having a governmental public catalogue of construction defects. In order to
achieve this goal, it would be necessary for a prior compilation to be produced of the most problematic
construction points, with the highest numbers of cases, based on (for example) the actual/judicial records,
as presented in this research. Furthermore, national regulations could include specific construction
details on how these problematic points could be more effectively addressed. This aspect would
enable collaboration to minimise future construction costs and improve maintenance during the use
phase—a matter, indeed, that is being given significant attention by a number of publications [42-44].
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4.3. Teaching These Critical Aspects in Universities

Students of architecture and engineering should have a greater understanding of building defects,
so as to have knowledge on the main critical points and avoid making the same mistakes in the future (both
in design and execution stages). This aspect is often not given sufficient attention in university degrees.

As away of facilitating their understanding, and in order to deliver this knowledge in an eminently
visual manner (given that the generation they are a part of often works with visual information),
the authors have produced a number of infographics on different construction points (starting from
the facade openings where windows are inserted). Based on their teaching experience, a number of
encouraging results are being obtained. One example of these infographics is shown in Figure 7.

Figure 7. Examples of infographics of the singularities between facades and windows as a learning
tool in university classes.

5. Conclusions

The current study considers a database of 1615 cases of judicial complaints filed in Spain regarding
defects in windows. In the literature review that was carried out, there were no references to similar
work based on this type of source data, the extension of which provides quite a complete view on the
reality of the problems that users complain about in these construction units (100% of the cases existing
in Spain over 10 years).

By the analysis of said data, it can be noted that there is a clear majority of complaints related to
water infiltrations’ (dAWI = 60.8%). Far behind, as to their frequency, and with nearly identical percentages
between them are the defects related to ‘air permeability’ (AP = 19.4%) and ‘humidity by condensation’
(dAP =19.0%). As for the originating causes that lead to the defects, the “absence/deficiency of sealant’
and ‘inadequate construction material and/or placement’ together result in 83.4% of the cases, it being

1.

thus shown that problems are usually focused on aspects related to the placement of windows.

The influence of three climatological factors on the presence of the defects was also studied:
rainfall, climate and latitude. As to the influence of the last (latitude), it is clear that there is a greater
percentage in location strips situated in the Central part and North of the country (80.75% of cases
according to the sum of the %NC values of Rows 1, 2, 3, 4, 6, 8 and 10 of Table 4). From the ranks of
the concentrations of the defects analysed, three zones (A, B and C) were created/catalogued, it being
noted that there is a greater recurrence in Zone A: locations with high rainfall/oceanic climate/North
latitude (in which is obtained a relative frequency of 7.05 x 107°).

The results presented herein can be of great interest for researchers of other countries who wish to
know the probability of judicial complaints by building users. The values that were handled are highly
representative, since they correspond to the totality of cases complained about in the span of time that
was indicated.

This information can also be of great assistance for reducing the impact of low-quality processes [45].
The defects and the originating causes found in this research enable the different agents participating
in the construction process to possess specific and highly useful information to minimise errors in the
design and execution stages [41]. This will significantly lower conflicts and will make the construction
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process more sustainable, given that there will be less litigation during the stage of the use of the
buildings, and repair costs will be significantly reduced.
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Nomenclature

dWI—Water infiltration
dAP—Air permeability
dHC—Humidity by condensation
dOC—Oxidation or corrosion

ocAS—Absence/deficiency of sealant

Entrance of water at weak points of a construction element leading to
dripping and/or visible loss of this liquid.

Penetration of wind through a window, be it through the profiles of the
frame or between these and the opening of the facade wall.

Physical phenomenon through which the environmental humidity
liquefies in contact with a cold wall.

Deterioration of a metallic material due to lack of protection against
electro-chemical attack.

This action was incorrectly carried out, failing to guarantee

watertightness.
ocIC—Inadequate construction Characteristics of the material and/or the system of placement that were
material and/or placement foreseen are insufficient.

ocTB—Existence of thermal bridges

Presence in a specific location of the envelope of a point with different
thermal conductivity between different points due to a change in the
thickness of the materials, to a lack of continuity between them or to
their characteristics.

ocIA—Incorrect assembly process The process of fitting and joining materials is not correctly carried out.
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