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Preface

In the distant past, construction solutions were validated empirically through sev-
eral years of experience, whereas with the onset of further industrialization of the
construction process, it was recognized within the construction community that a
performance-based selection of materials, components, and systems was required if
innovation was to be fostered and progress in the construction domain achieved.
However, it was equally apparent to those promoting such novel approaches that
the selection on the basis of understanding of performance requirements could only
be met if the results of research and development were made available and indeed
exploitable by practitioners.

The main purpose of this book, Recent Developments in Building Diagnosis
Techniques, is to provide a collection of recent research works on building diag-
nosis techniques to contribute to the systematization and dissemination of knowl-
edge related to construction pathology, hygrothermal behaviour of buildings,
durability, and diagnostic techniques and, simultaneously, to show the most recent
advances in this domain. It includes a set of new developments in the field of
building physics, risk assessment of urban fire, building anomalies in materials and
components, new techniques for better energy efficiency analysis, and diagnosis
techniques, such as infrared thermography. Building thermography is explained
with a lot of thermal images as examples for physical consequences of formulae,
and case studies of several kinds of inspections are developed, from moisture and
mould, to building energy efficiency and construction defects, etc.

The book is divided into several chapters that intend to be a resume of the
current state of knowledge for the benefit of professional colleagues, scientists,
students, practitioners, lecturers, and other interested parties to network. At the
same time, these topics will be the encounter of a variety of scientific and engi-
neering disciplines, such as civil, materials, and mechanical engineering.

João M.P.Q. Delgado

v



Contents

Practical Experiences from Several Moisture Performance
Assessments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Petri J. Annila, Jukka Lahdensivu, Jommi Suonketo and Matti Pentti

Analysis of Main Parameters that Affect Contact Area Between
Mortar Rendering and Substrate: Use of 3D Laser Scanning
Technique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Carina Mariane Stolz and Angela Borges Masuero

The Pathologies of the ETICS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Filiberto Lembo and Francesco Paolo R. Marino

Criteria for Identification of Ceramic Detachments in Building
Facades with Infrared Thermography . . . . . . . . . . . . . . . . . . . . . . . . . 51
Elton Bauer, Elier Pavón, Cláudio H.F. Pereira and Matheus
L.M. Nascimento

Diagnosis of Moisture Movements in Massive Dolostone Walls
of Medieval Churches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
Lembit Kurik, Targo Kalamees and Urve Kallavus

The Wind-Driven Rain and the Buildings: Directional
Driving Rain, Experimental Simulation and Quantification
of Wetness Areas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Lais Zucchetti, Patricia Poyastro, Silvia Trein Heimfarth Dapper,
Angela Borges Masuero and Acir Mércio Loredo-Souza

A Performance Assessment of Prefabricated Bathrooms Installed
in the 1990s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
Martin Morelli and Erik Brandt

Good Practice: Analysis of the Vulnerability of Seven Churches
in Monza. From an Information Model to a Geodatabase . . . . . . . . . . . 127
Cecilia Bolognesi

vii

http://dx.doi.org/10.1007/978-981-10-0466-7_1
http://dx.doi.org/10.1007/978-981-10-0466-7_1
http://dx.doi.org/10.1007/978-981-10-0466-7_2
http://dx.doi.org/10.1007/978-981-10-0466-7_2
http://dx.doi.org/10.1007/978-981-10-0466-7_2
http://dx.doi.org/10.1007/978-981-10-0466-7_3
http://dx.doi.org/10.1007/978-981-10-0466-7_4
http://dx.doi.org/10.1007/978-981-10-0466-7_4
http://dx.doi.org/10.1007/978-981-10-0466-7_5
http://dx.doi.org/10.1007/978-981-10-0466-7_5
http://dx.doi.org/10.1007/978-981-10-0466-7_6
http://dx.doi.org/10.1007/978-981-10-0466-7_6
http://dx.doi.org/10.1007/978-981-10-0466-7_6
http://dx.doi.org/10.1007/978-981-10-0466-7_7
http://dx.doi.org/10.1007/978-981-10-0466-7_7
http://dx.doi.org/10.1007/978-981-10-0466-7_8
http://dx.doi.org/10.1007/978-981-10-0466-7_8


On the Use of Infrared Thermographic Measurements
for Evaluating the Airtightness of the Building Envelope . . . . . . . . . . . 145
Katrien Maroy, Nathan Van Den Bossche, Marijke Steeman
and Sven Van De Vijver

Evaluation of Moisture Transfer to Improve the Conservation
of Tiles Finishing Facades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
Silvia Erba, Bruno Daniotti, Elisabetta Rosina, Antonio Sansonetti
and Riccardo Paolini

Analysis of Microclimate in a Historical Building to Assess
the Probability of Recurrence of Filamentous Fungi . . . . . . . . . . . . . . . 195
Fernanda Lamego Guerra, Eduardo Grala da Cunha and Fábio Galli

viii Contents

http://dx.doi.org/10.1007/978-981-10-0466-7_9
http://dx.doi.org/10.1007/978-981-10-0466-7_9
http://dx.doi.org/10.1007/978-981-10-0466-7_10
http://dx.doi.org/10.1007/978-981-10-0466-7_10
http://dx.doi.org/10.1007/978-981-10-0466-7_11
http://dx.doi.org/10.1007/978-981-10-0466-7_11


Practical Experiences from Several
Moisture Performance Assessments

Petri J. Annila, Jukka Lahdensivu, Jommi Suonketo and Matti Pentti

Abstract This study analysed the moisture performance assessment reports of 76
buildings: 56 schools, nine healthcare buildings, three daycare centres and five
office buildings. The researchers’ practical experiences from moisture performance
assessments were also made use of in the study. The aim of this study was to
determine the methods used to detect moisture and mould damage in the building
stock. The results of the study show that most moisture and mould damage is
detected by a surface moisture indicator (Annila et al. in Proceedings of the 1st
international symposium on building pathology, pp 115–122, 2015a). That is an
important finding since these indicators enable easy measuring of large sections of
structures and targeting of more detailed inspections, moisture measurements and
material samplings based on mapping with them.

Keywords Indoor air quality � Moisture � Mould � Sick building syndrome �
Condition assessment

1 Introduction

The indoor air quality (IAQ) problems of the building stock are caused by many
factors including carbon dioxide (CO2), carbon monoxide (CO), nitrogen dioxide
(NO2), particular matter (PM), high indoor temperature and relative humidity, low
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ventilation rate, mould, bacteria, volatile organic compounds (VOC), chemicals,
dust, cigarette smoke, pet allergens, radon, asbestos and formaldehyde (HCHO).
The most significant factor varies by region and year of construction (Weschler
2009). In the Nordic countries and in North America, indoor air problems are often
related to moisture and mould damage in structures and buildings (Bornehag et al.
2001, 2004; Hyvärinen 2002; Mudarri and Fisk 2007).

A recent study (Annila et al. 2015a) established the methods used in Finland to
detect moisture and mould damage in buildings and structures. The research
material consisted of moisture performance assessment reports on 76 buildings.
Moreover, experiences from practical moisture performance assessments were used
to find new targets of development. The study was conducted as part of wider
research aimed at developing operating procedures and methods for earlier detec-
tion of moisture and mould damage. The methods can help prevent moisture and
mould damage and ensuing IAQ problems and negative health impacts.

2 Literature Review

2.1 Moisture Performance Assessment in Finland

Awareness of moisture and mould damage in the building stock and its impact on
IAQ and the health of users increased in the 80s. Subsequently, the subject area was
researched a lot and the methods presently used in Finnish moisture performance
assessment became established in the 90s. They are partly described, for instance, in
Haverinen-Shaughnessy et al. (2008) and Asikainen (2008). An updated guide for
moisture performance assessment is currently being prepared as part of the moisture
and mould programme of the Ministry of the Environment in Finland.

In Finland, research on moisture and mould damage is referred to either as
moisture performance assessment or IAQ research. In practice, their contents are
nearly identical, but their aims are different. Moisture performance assessment
determines the current condition of structures, any possible damage in them, and
their future repair needs. Indoor air research focuses on IAQ and possible impurities
in the air. High quality indoor air research, however, also establishes the moisture
and mould damage to structures which makes its content practically identical to that
of a moisture performance assessment.

Moisture performance assessments generally consist of the four main phases
described in Fig. 1 (Annila et al. 2015a): analysis of background and input data,
field study, necessary laboratory tests, and analysis and conclusions.

2 P.J. Annila et al.



2.2 Initiation of Moisture and Mould Damage

Moisture and mould damage and the ensuing indoor air problems and repair need
are described in Fig. 2. Damage to structures is initiated by moisture stress. There is
wide variation between moisture sources and levels of moisture stress. When
moisture stress is sufficiently high and lasts long enough, the capacity of a material
subject to moisture stress may be exceeded leading to moisture damage. Depending
on the material’s properties and prevailing conditions, the moisture in a structure
may further lead to mould damage. The moisture stress and time required for mould
growth can be estimated by different mould growth models (Vereecken and Roels
2012; Ojanen et al. 2010; Vinha et al. 2013; Johansson et al. 2005, 2012; Sedlbauer
2002).

Depending on the prevailing conditions, the material layers of a structure, air
flows and location of mould damage, impurities may spread from a damaged area
into indoor air leading to an indoor air problem and possible health symptoms in
users. Due to the complexity of the phenomena, the links between concentrations of
indoor air impurities and health symptoms have not been determined, but the
correlation between them is clear (Bornehag et al. 2001, 2004).

Usually, only health symptoms of users lead to moisture performance assess-
ments or indoor air studies that determine the repair need of a building.

The period between the various phases is typically very long. Asikainen (2008)
estimated that repairs are typically undertaken 2–5 years after the occurrence of
health symptoms. Even after repairs, it takes 6–12 months for indoor air conditions
to stabilise (Haverinen-Shaughnessy et al. 2008). Thus, depending on the occu-
pancy of the building, the users can be exposed to impurities for quite long periods
even after IAQ problems or moisture and mould damage have been identified.

•

•
•

•

•

•

•

•

•
•
•
•

•
•
•
•

Fig. 1 Four main phases of moisture performance assessment and their main content (Annila et al.
2015a)
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Fig. 2 Development of moisture and mould damage and related repair need
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Consequently, there is a clear need for more effective procedures that enable faster
identification of moisture and mould damage.

2.3 Extent of Moisture and Mould Damage in Buildings

The extent of moisture and mould damage in the building stock has been the subject
of many studies, for instance, in Canada (Lawton et al. 1998), Finland (Nevalainen
et al. 1998), Sweden (Smedje et al. 1997), Austria (Haas et al. 2007) and Norway
(Holme et al. 2008). The results have also been published in scientific journals. Zock
et al. (2002) studied the link between moisture and mould damage and asthma in 18
countries, in Europe and elsewhere. Undoubtedly many national studies, whose
results have not been presented in English-language scientific journals, have also
been conducted. Several studies made in Finland have also been aimed at decision
makers, not scientific circles. A comprehensive summary of these Finnish studies
was prepared in 2012 (Reijula et al. 2012). An abstract of it is available in English.

Reijula et al. (2012) summarised the major moisture and mould damage
occurring in the Finnish building stock as follows: We estimate that the prevalence
of significant damp and mould damage is 7–10 % of the floor area in small and row
houses, 6–9 % in multi-storey apartment block, 12–18 % in schools and kinder-
gartens, 20–26 % in care institutions and 2, 5–5 % in offices.

Although the extent of moisture and mould damage has been examined in
several studies, their results are not mutually comparable since the research methods
and definitions of moisture and mould damage have varied. Many studies have
investigated the extent of moisture and mould damage through questionnaires
directed at users (Lawton et al. 1998; Nevalainen et al. 1998; Haas et al. 2007;
Holme et al. 2008; Zock et al. 2002). Questionnaires have been complemented for
instance by visual observations made by professionals (Lawton et al. 1998;
Nevalainen et al. 1998; Haas et al. 2007; Holme et al. 2008), measurements
(Lawton et al. 1998) and indoor air samples (Lawton et al. 1998; Haas et al. 2007;
Holme et al. 2008). Comparison of these research methods to the thorough Finnish
moisture performance assessment of Fig. 1 makes the difference between the
methods apparent.

Studies have shown that a significant part (Partanen et al. 1995), up to one-third
(Pirinen 2006), of moisture and mould damage may be hidden, that is, not
detectable on the surface of structures despite being examined by an expert. Thus,
studies of moisture and mould damage to the building stock based on user surveys
and partial measurements are not accurate. It is possible that some damage has gone
unnoticed which may accentuate the significance of observable damage in such
studies where hidden damage may be totally ignored (Asikainen 2008). Yet, visual
observations and user reports on moisture and mould damage play a major role in
damage identification and moisture performance assessment (Leivo et al. 1998).

Due to the variance in research methods and questions, the picture of the present
state of the building stock and its moisture and mould damage is inaccurate. Lawton

4 P.J. Annila et al.



et al. (1998) stated in the 90s that information about the condition of a building is
the most important factor when planning its repair. The same observation was made
in connection with a study on the moisture and mould damage repair projects of
Finnish municipalities (Kero 2011). Inadequate moisture performance assessments
have led to many failed repair projects (Kero 2011).

A recent study (Annila et al. 2015b) showed that Finnish buildings suffering
from indoor air problems often have multiple problems, that is, moisture and mould
damage in several structures. In the study the structures were divided into six
groups: base floors, roof assembly, intermediate floors, external walls, walls in soil
contact and partitions. All examined buildings did not have intermediate floors and
walls in soil contact. 68 % of the examined buildings had moisture and mould
damage in at least three different structural elements such as the base floor, the roof
assembly and an external wall. It was also discovered that individual damaged spots
were quite small in area (Annila et al. 2015b).

Thorough moisture performance assessments are necessary to avoid failed
repairs (Lawton et al. 1998; Kero 2011; Marttila 2014). Most important from the
viewpoint of successful repairs is to know all existing damage despite it being
spread across several structures (Annila et al. 2015b) and partly hidden (Partanen
et al. 1995; Pirinen 2006). For this reason, more effective identification of moisture
and mould damage and development of moisture performance assessment are still
topical research areas.

2.4 Definition of Moisture and Mould Damage

For the purposes of this study (Annila et al. 2015a), any damage that meets at least
one of the following criteria was considered moisture and mould damage (Annila
et al. 2015b):

I Mould damage visible to the naked eye without magnification.
II Unrepaired, active water leakage detrimental to the structure or building

material that it wets.
III A structure or building material found to be moist, extremely moist or wet by a

surface moisture detector based on a five-step assessment scale: dry, slightly
moist, moist, extremely moist and wet.

IV Relative humidity of the structure exceeds 80 % in a drill-hole measurement.
V A material sample shows active microbial (fungal or bacterial) growth. The

fungal and bacterial colonies are determined by dilution plating on MEA agar
and TYG agar.

Criterion I
The occurrence of moisture and mould damage has been examined in several
scientific studies based on sensory observations (e.g. Lawton et al. 1998;
Nevalainen et al. 1998; Smedje et al. 1997; Haas et al. 2007; Holme et al. 2008;
Zock et al. 2002). In a summary of the Finnish building stock (Reijula et al. 2012),

Practical Experiences from Several Moisture Performance … 5



many of the original studies are also based, at least partly, on visual observations of
damage in buildings. That research method was considered scientific enough for the
purposes of these studies.

The observations of TUT researchers about moisture performance assessments
support the assumption that moisture and mould damage can be so clearly visible to
the naked eye on the surface of a structure or through an inspection opening without
a magnifying glass or microscope that establishment of damage requires no more
detailed studies. Figure 3 shows an example of clearly visible mould damage on a
chipboard wall. Verbally described observations in moisture performance reports
are often illustrated by photos which also allow the reader to see what the target of
observation looked like during field study.

Olfactory observations by a condition investigator were not used as a criterion of
moisture and mould damage in this study because the existence of a strong mould
odour in a space does not necessarily indicate reliably which structure in the said
space is damaged. Air flows and leaks can carry odours from other spaces.

Criterion II
Water leaks, which may occur both in pipes and structures, have been made into a
separate criterion among visual observations. These leaks have not necessarily led
to moisture or mould damage by the time of the moisture performance assessment,
but an unrepaired leak is highly likely to damage structures and materials. Thus,
repair of observed leaks is as important as that of observed existing moisture and
mould damage. Figure 4 shows an example of a leaky roof assembly.

Criterion III
Nevalainen et al. (1998) used surface moisture measurements in their study on
moisture and mould damage. The mapping made in TUT moisture performance
assessments using a surface moisture indicator was the basis of dividing structures
into five classes: dry, slightly moist, moist, extremely moist and wet. Similar
classification is used in Finland quite generally. In many moisture performance

Fig. 3 Example of visually
observed mould damage to a
chipboard structure

6 P.J. Annila et al.



assessment reports analysed for the study, the results of surface moisture mea-
surements had been complemented with more accurate moisture measurements of
structures, which allows comparison of the results of surface moisture measure-
ments and more accurate moisture measurements. The combination of the obser-
vations of TUT researchers and performed measurements constitute a reliable
method properly used for determining the moisture content of structures although
surface moisture measurements do not yield an accurate numerical value.

Criterion IV
The moisture and mould damage in structures and the building materials they
contain can be modelled by different mould growth models. Vereecken and Roels
(2012) have compared the different models that allow estimating the conditions and
speed at which structures develop mould damage. Table 1 shows the mould growth
sensitivity classes of the VTT-TUT mould growth model often used in Finnish
studies (Ojanen et al. 2010, 2011; Vinha et al. 2013).

Johansson et al. (2005, 2012) have suggested critical moisture contents for
various materials at which mould growth is possible. The sensitivity of materials to
mould growth based on those critical contents is similar to that of the classification
of Table 1. For instance, Johansson et al. (2012) determined that the critical
moisture content of pine is 75–80 % RH and that of cement-based boards 90–95 %

Fig. 4 Example of leak in a
roof assembly detected during
a moisture performance
assessment

Table 1 Mould growth sensitivity classes (Ojanen et al. 2010, 2011; Vinha et al. 2013)

Sensitivity class Materials

Very sensitive Sawn spruce and pine, planed pine, pine sapwood

Sensitive Planed spruce, gluelam board, paper-coated PUR, gypsum boards,
paper-based products

Medium resistant Carbonated concrete, aerated and cellular concrete, glass wool, polyester
wool, cement-based products

Resistant Polished PUR, glass, metals, fresh alkali concrete

Practical Experiences from Several Moisture Performance … 7



RH. Their material is based on an earlier publication used in several studies after the
original one (Johansson et al. 2005). Sedlbauer (2002) also presented similar
substrate categories for building materials.

Based on a summary of the mould growth models (Ojanen et al. 2010, 2011;
Vinha et al. 2013; Johansson et al. 2005, 2012; Sedlbauer 2002), mould growth in
the most sensitive materials, such as organic building materials, is possible at about
80 % RH at normal temperature of the structures.

A survey of the typical structures found in the Finnish building stock shows that
the structures themselves or their component materials fall into the two most sen-
sitive classes of Table 1. Therefore, the critical value of 80 % RH was used in this
study to assess Finnish structures.

Criterion V
Material samples detached from building materials can be used with the direct
culture or diluted culture method to determine whether there is microbial (fungal or
bacterial) growth in the sample. The fungal and bacterial colonies were determined
by dilution plating on MEA agar (20.0 g of malt extract, 20.0 g of saccharose, 1.0 g
of peptone, 20.0 g of agar, and 0.1 g of chloramphenicol in 1 l of deionized water)
and TYG agar (5.0 g of tryptone, 2.5 g of yeast extract, 1.0 g of glucose, 15.0 g of
agar, and 0.5 g of cycloheximide in 1 l, of deionized water). The colonies were
counted on day 7 (fungal) and day 10 (bacterial) after incubation. The fungal genera
were identified microscopically. Furthermore, bacteria were classified as actino-
mycetes and other bacteria. This is a customary material sample analysis method in
Finland (Pessi et al. 2002).

3 Research Materials and Methods

3.1 Research Material

Researchers at TUT Department of Civil Engineering have performed moisture
performance assessments of 76 municipality-owned buildings: 59 schools, nine
healthcare buildings, three daycare centres and five office buildings. The originally
independent studies were later summarised in various ways. Users of all examined
buildings have had different health symptoms and other negative sensations of poor
IAQ. In the case of 49 buildings, the date of completion of the plan for the moisture
performance assessment, the field study and reporting could be determined.

The studied buildings represent well the age distribution of the Finnish building
stock. The oldest individual buildings had been built in the 1800s while the
majority had been completed in the 50s, 60s and 70s—the period when school
construction was especially brisk in Finland. The age distribution of the research
material is shown in Fig. 5. The research material included all conventional
structures, building materials and building systems used in Finland.

8 P.J. Annila et al.



3.2 Research Method

The 76 buildings of the study were originally examined as individual units.
However, the content of the moisture performance assessments had been the same
with all buildings (as shown in Fig. 1). At the outset of the study, the content of the
moisture performance assessment reports on the 76 buildings, especially as con-
cerns moisture and mould damage, was transferred to a database. All observed
moisture and mould damage mentioned in the reports including related basic data,
such as structure, material and used research methods, was entered. Basic data of
each building such as year of construction, material of bearing frame, occupancy,
location, time of assessment, number of storeys, roof type and foundation method
were also recorded.

A total of 1784 observations suggesting moisture and mould damage had been
made about the studied buildings. After their recording, observations were classified
into two groups: “0 = undamaged” and “1 = damaged” based on the below defi-
nition of acute moisture and mould damage. An observation was classified as acute
moisture and/or mould damage (class 1 = damaged) if it met at least one of the
following criteria (Annila et al. 2015b):

I Mould damage visible to the naked eye without magnification.
II Unrepaired, active water leakage detrimental to the structure or building

material that it wets.
III A structure or building material found to be moist, extremely moist or wet by a

surface moisture detector based on a five-step assessment scale: dry, slightly
moist, moist, extremely moist and wet.
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Fig. 5 Age distribution of examined buildings (Annila et al. 2015a)
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IV Relative humidity of the structure exceeds 80 % in a drill-hole measurement.
V A material sample shows active microbial (fungal or bacterial) growth. The

fungal and bacterial colonies were determined by dilution plating on MEA agar
and TYG agar.

Table 2 shows examples of entries in the database. They are related to obser-
vations and measurements made in the buildings to detect moisture and mould
damage in structures.

The examples in Table 2 may correspond, e.g., to observations like the
following.

1. The wall surfacing material had discolouration that was dry according to the
surface moisture indicator. The discolouration was the result of normal soiling
of the structure.

2. The coat of paint on the wall in soil contact was peeling off. Drill-hole mea-
surements on the concrete structure indicated a moisture content of 86.3 % RH.

3. Moisture stains were visible in the ceiling and the structure was extremely moist
according to the surface moisture indicator. A material sample from the roof
assembly showed strong growth of actinomycetes.

4. The partition had visually observable damage around a leaking tap water pipe.

Of the above described observations and those presented in Table 2, nos. 2, 3
and 4 have been classified as damage in accordance with the used acute moisture
and mould damage definition.

3.3 Scope of the Study

The study was limited to moisture and mould damage occurring in structures.
A similar approach was followed also in the original moisture performance
assessments. They examined what types of damage occur in structures and their
repair need.

Table 2 Basic structure of the database and four examples

Example Visual
observation

Active
leakage

Surface
moisture
detector

Relative
humidity

Mould growth Class:
undamaged
or damaged

1 Discolouration Dry 0

2 Paint peeling
off

Moist 86.3 %
RH

1

3 Discolouration Extremely
moist

Actinomycetes 1

4 Visible
damage

Yes 1

10 P.J. Annila et al.



Moisture and mould damage has been found to have a negative impact on the
health of users (Bornehag et al. 2001, 2004). The 76 moisture performance
assessment reports used as research material did not, however, focus on the health
symptoms experienced by users, which is why this study also excludes them. The
original moisture performance assessment reports also dealt with ventilation and
shortcomings and observations related to its performance. Yet, this study excludes
building systems.

The scope of the study is based on the following hypothesis: When all moisture
and mould damage in structures is repaired, the building cannot cause any health
symptoms or indoor air problems related to moisture andmould damage to structures.

4 Results

4.1 Length of Moisture Performance Assessment Process

Different mould growth models (Vereecken and Roels 2012; Ojanen et al. 2010;
Vinha et al. 2013; Johansson et al. 2005, 2012; Sedlbauer 2002) can be used to
estimate the time required for mould damage to occur. Generally it is weeks, even
months, depending on the level of moisture stress and the sensitivity of a material to
mould growth.

Presently, there is not sufficient research data on how quickly and what types of
mould damage spread impurities into indoor air which may cause health symptoms
in users. The spreading is influenced by many factors such as pressure ratios,
location of damage, materials of structure and air flows. Moreover, people react
differently to spreading impurities. TUT has conducted user surveys and inter-
viewed building users in connection with moisture performance assessments.
According to users, health problems have generally continued for quite long before
investigation of the cause of symptoms and the building’s condition has started.

The analysed moisture performance assessment reports have been used to
determine the time between (1) the start of planning the research and the first day of
field study, (2) the start of field study and reporting, and (3) the start of planning the
study and reporting.

The length of the first period indicates the slowness of municipal decision-making
processes although the users experience health symptoms related to a building. The
length of the second period indicates the time taken by a moisture performance
assessment. The third criterion represents the length of the overall process, being the
sum of the two previous ones. Figure 6 shows the length distribution of these three
periods for the 49 buildings for which the data in question could be determined.

In the case of 31 (63.3 %) buildings, the moisture performance assessment was
launched within 2 months of submission of tender. The moisture performance
assessment proper including reporting may take several months: according to the
study material, the shortest time it took to write the report was 1–2 months after the
field study. A total of five (10.2 %) condition assessments were completed that
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quickly. The period between the planning and reporting of the assessment was over
six months in the case of 21 buildings (42.9 %).

Asikainen (2008) found that it can take 2–5 years between the occurrence of
health symptoms and the completion of repairs. In addition, Haverinen-Shaughnessy
et al. (2008) found that it takes 6–12 months after repairs for the impurity content to
stabilise.

Due to the slowness of the processes, the exposure times to indoor air impurities
caused by moisture and mould damage are long. Therefore, there is a clear need to
develop moisture and mould damage detection methods so that damage can be
observed more effectively before health symptoms appear.

4.2 Detection Methods

Based on the used criteria, a total of 920 observations on acute moisture and mould
damage were made in the examined 76 buildings. The number of detected damage
was great since the moisture performance assessments examined the extent of
damage to determine the extent of required repairs. Thus, for instance, the base floor
may have been investigated from different spaces whereby several observations
about moisture and mould damage in an individual structural element of a building
may have been made.

Figure 7 shows the distribution of observed moisture and mould damage in
examined buildings by structures.

Figure 8 shows the methods used to detect the 920 moisture and mould damage
in question. Part of the damage was detected by several methods, for example,
surface moisture measurement and material samples. A single method was used to
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detect 821 (89.2 %) damage while two or more methods were used for the other 99
(10.8 %).

The number of confirmed measurements and observations (99 damage) is small.
This is due to the fact that measurements at one spot are rarely made by several
methods. For example, if damage is suspected in the base floor, the moisture
content of the structure can be measured from a different spot than the material
sample taken. If both methods indicate damage in the base floor, the base floor of
the space in question has two damaged areas according to the calculation method,
the existence of neither having been confirmed by the other. When the base floor is
examined as a unit, more confirming measurements are made, but at different points
of the structure.

Table 3 shows the number and share of detections by different methods as well
as how often measurements and observations have been confirmed by another
method. According to Table 3, moisture and mould damage was detected 652 times
with a surface moisture indicator. Some other method was used to confirm 12.1 %
of these measurements.

Visually observed clear mould damage, RH measurements and material samples
have most often been confirmed by other methods: in 47.4, 34.5 and 30.4 % of the
cases, respectively. The used confirmation method has often been surface moisture
measurement.

Table 3 shows that surface moisture measurements (63.6 %) are clearly the most
used method for detecting moisture and mould damage. The second most popular
method is material samples (17.7 %)—the large difference between their use is due
to the fact that surface moisture measurements yield a value that indicates the
moisture content of a structure quickly and cost-effectively.

A total of 589 sensory observations by condition investigators had been recorded
in the assessment reports on the 76 buildings involved in the study. Of these
observations 258 (43.8 %) were linked to 920 detected moisture and mould dam-
age. Moisture and mould damage could be detected by a single sensory observation
in 105 instances. It is highly likely that considerably more sensory observations

Table 3 Methods used to detect moisture and mould damage

Detection method Number of
detections

Share of all
detections (%)

Confirmed measurements or
observations (%)

I Visual: clear
damage

76 7.4 47.4

II Visual: active
leakage

29 2.8 13.8

III Surface
moisture detector

652 63.6 12.1

IV Relative
humidity

87 8.5 34.5

V Material sample
test

181 17.7 30.4
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were made in connection with field studies. If sensory observations were found to
be unconnected to moisture and mould damage, they have not necessarily been
entered in the moisture performance assessment report. Moreover, the sensory
observation may not have been recorded either if a structure had been subjected to
moisture measurements or material sample tests. Yet, the significance of an
investigator’s sensory observations is high.

Table 4 shows the method used to detect damage in different structures. The
shown deviation between moisture and mould damage detection methods for dif-
ferent structures is wide.

5 Discussion

5.1 Length of Moisture Performance Assessment Process

The time from the beginning of moisture stress and the occurrence of moisture and
mould damage is long in Finland. The process may take several years as found in
earlier studies (Asikainen 2008). The observations of this study and that by
Haverinen-Shaughnessy et al. (2008) support the view of the long duration of the
process phases. In the case of the 76 moisture performance assessments included in
this study, the date of completion of the condition assessment plan, the field study
and the report could be established. In 21 (42.9 %) cases, the interval between the
completion of the moisture performance assessment plan and reporting was over six
months, 358 days at the longest.

All phases of the process need to be developed in order that repair of moisture
and mould damage becomes faster and exposure of users to indoor air impurities

Table 4 Methods used to detect moisture and mould damage in different structures

Detection
method

Roof
assembly
(%)

Intermediate
floor (%)

Base
floor
(%)

Exterior
wall (%)

Partition
wall (%)

Wall in
soil
contact
(%)

Average
(%)

I Visual:
clear
damage

13.3 7.5 5.7 8.8 11.5 3.5 8.4

II Visual:
active
leakage

13.3 0.9 2.1 0.0 0.5 1.8 3.1

III Surface
moisture
detector

13.3 65.4 67.9 48.4 68.8 77.2 56.8

IV Relative
humidity

11.1 9.3 11.8 3.3 2.1 5.3 7.2

V Material
sample test

48.9 16.8 12.4 39.6 17.2 12.3 24.5
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due to moisture and mould damage becomes shorter. Moisture performance
assessments also need to be developed and studied further and the best phase for
launching assessments determined. Presently, they often start only after a building’s
users start to show health symptoms. Yet, we should be able to act before these
health symptoms occur. Early detection of moisture and mould damage and man-
agement of moisture risks require more effective methods and approaches.

The study showed that moisture performance assessments take a long time:
based on the research material the period between completion of the assessment
plan and the report was on average 183 days. Of that, the completion of the
assessment plan and the field study took 63 days, on average, while the remaining
120 days were spent completing the report and analyses after field study.

The shortest time required for the actual moisture performance assessment
process (from field study to reporting) is about one month, since the analysis of
material samples generally takes at least two weeks. In the case of five buildings
(10.2 % of research material), the moisture performance assessment report was
finished in 1–2 months after the field study. However, the longest time required was
over six months (in 4 of 49 cases). The length of the moisture performance
assessment process is probably due to the fact that the results of material sample
tests are not known during field study but have to be waited for. That may lead to a
situation where further samples from a building are needed, which naturally doubles
the time needed to complete the report.

5.2 Moisture and Mould Damage Detection Methods

Based on the research results, the sensory observations of the condition investigator
and surface moisture measurements play a significant role in the detection of
moisture and mould damage. That is also suggested by the fact that many studies on
the damage suffered by the building stock have searched for moisture and mould
damage especially by sensory observations (e.g. Lawton et al. 1998; Nevalainen
et al. 1998; Smedje et al. 1997; Haas et al. 2007; Holme et al. 2008; Zock et al.
2002). An expert opinion and surface moisture measurements can indeed establish
quickly and cost-effectively the repair need of buildings. It is not a novel finding
since Lappalainen et al. (2001) have shown that the order of importance of school
building repairs can be set based on sensory observations and surface moisture
measurements.

However, an expert’s observations reflect only the conditions at isolated spots of
a building. The regular users of a building make observations over the long term.
Leivo et al. (1998) recognised that users play an important role in the detection of
moisture and mould damage. The significance of users has also been noted in studies
on the damage suffered by the building stock and their impact (Zock et al. 2002;
Howden-Chapman et al. 2005). The subject requires further study in order for us to
know how well building users without expertise in moisture and mould damage and
IAQ problems can detect related damage and risks compared to an expert.
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Based on the results of this study, 73.9 % of detected moisture and mould
damage could be detected from the surface of structures as clear mould damage
(Detection method I), a water leak (II) or by surface moisture measurements (III).
As previously stated, visual observations have probably been made in connection
with moisture measurements (IV) and material sample tests (V), which were not
necessarily always recorded in moisture performance assessment reports, or that by
themselves were not sufficiently clear indicators of the existence of damage.

Partanen et al. (1995) found that a significant portion of the moisture and mould
damage in the Finnish building stock is hidden. Pirinen (2006) estimated that
one-third of all moisture and mould damage is hidden. The results of this study
support the results and observations of those two earlier studies since about a
quarter of the damage could not be detected from the surface of structures but
required using destructive methods.

The moisture and mould damage of different structures were detected by very
different methods as Table 3 indicates. This can probably be largely explained by
the differences between structures. For example, a concrete slab with a moist soffit
that is part of the base floor probably also has a moist top due to its capillarity,
whereby its moistness can be detected by a surface moisture detector. On the other
hand, the thermal insulation of a roof assembly is generally external to the
air/vapour barrier which may prevent detecting damage from the surface of the
structure. That may require, for instance, a mould sample from the thermal insu-
lation of the roof assembly.

In the study 73.9 % of all damage was detected on the surface of structures
(Detection methods I-III). Yet, it is important to note (Table 3) that only 39.9 % of
the damage in roof assembly could be detected from the surface of structures. The
share was highest at 82.5 % in walls in soil contact. Further study on detection
methods suitable for different structures is needed.

The scope of the study was limited based on the hypothesis that if a building has
no moisture and mould damage, related health symptoms and indoor air problems
cannot occur there. Excessive repairs are not generally economically feasible, or
even profitable. Thus, we should have criteria for the kinds of moisture and mould
damage that should be repaired to avoid the occurrence of health symptoms. Repair
of the smallest and slightest damage is not necessarily needed. Currently, we do not
know what impurity-content level in relation to moisture and mould damage causes
health symptoms for groups or individual users. This has been recognised earlier
(Bornehag et al. 2001, 2004), but the research problem remains unsolved and
further medical research is needed.

6 Conclusions

This study determined on the basis of moisture performance assessment reports on
76 buildings the methods used to detect moisture and mould damage in Finland. It
also sought targets of development related to moisture performance assessments
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based on these condition assessment reports and the practical experiences of
researchers who have conducted moisture performance assessments.

According to the study, 73.9 % of moisture and mould damage can be detected
on the surface of structures by sensory observations or surface moisture measure-
ments. However, the share can be significantly smaller depending on the assessed
structure: in roof assembly 39.9 % of the damage could be detected on the surface
of a structure.

The study found that the mere time taken by a moisture performance assessment
is long: the period between the completion of the assessment plan and the report
was, on average, 183 days. Moisture and mould damage processes are long also in
other respects and can take several years. All phases certainly have areas that can be
improved so that the processes and the exposure of users to the impurities caused by
moisture and mould damage can be shortened. The moisture performance assess-
ment process also requires development.
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Analysis of Main Parameters that Affect
Contact Area Between Mortar Rendering
and Substrate: Use of 3D Laser Scanning
Technique

Carina Mariane Stolz and Angela Borges Masuero

Abstract The objective of this research is to analyze the influence of granulometric
composition of sand, application energy, and substrates superficial tension on the
contact area of rendering mortars. Three different substrates were selected with
distinct wetting behaviors: polyethylene, acrylic, and glass. The contact angle of
drop water was measured by goniometer. Mortars were prepared with cement:lime:
sand ratios of 1:0:3, 1:1:6, and 1:2:9, by content converted in mass, with sand
composition of 25 % of each 0.15, 0.3, 0.6, and 1.2 mm grain sizes.
Characterization tests in fresh and hardened mortars were performed to provide the
technological control of mortars and concretes, as well as the characterization of the
different rheological behaviors of the mortars by squeeze-flow and rotational
rheometer methods. Mortars were applied to substrates with two different energies,
and after curing time were parted from substrates and submitted to scanner 3D
digitalization of interfacial area. Results showed that both mortar proportion and
substrate superficial tension exercise influence on interfacial contact area devel-
opment. Additionally, interaction between application energy and substrates
superficial tension was significantly influent on contact area. Finally, 3D scanning is
a promising new method that shows good performance to measure contact area to
improve the understanding of bond strength.
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1 Introduction

In several countries, as Brazil, most building constructions use mortar rendering.
However, poor technological control and the lack of technical expertise in the
production of mortars rendering often produce pathological manifestations that may
compromise the functions of renderings like protection, waterproofing, and aes-
thetic appearance of constructions.

In order to mitigate the onset of pathological manifestations, many researchers
(Hall 1977; Hall and Yau 1987; Yates et al. 1994; Sugo et al. 2001; Ramos et al.
2012) have focused attention on the adhesion of rendering mortars.

Texture characteristics of substrates, the physical/chemical characteristics may
influence the development of the contact area at the interface between mortar and
substrate, exerting direct influence on adhesion. In this way of thinking, some
researches focused on parameters related to substrates characteristics, as porosity
(Pagnussat 2013) and rugosity (Hola et al. 2015; Santos et al. 2007; Pretto 2007;
Stolz 2011), both the study of the interface between mortar and substrates, as in the
study of the interface between layers of concrete structures. However, it is rare to
find studies researching the influence of surface tension of cementitious materials
on adherence at the interface between materials (Stolz and Masuero 2015).

In addition, researchers (Pretto 2007; Stolz 2011; Carasek 1996) have published
images that indicate that increasing the surface texture of a substrate is not enough
to increase adhesion if the mortar applied to the surface cannot penetrate the texture
and wet the substrate. In this context, the rheological characteristics of mortar flows
(Banfill 2003; Bauer et al. 2007; Senff et al. 2009) have been investigated in order
to understand their influence on the phenomenon of adhesion and effective inter-
facial contact area.

Analogously, the adequate energy of mortars application that is fundamental to
improve the flow and wet property of mortars on substrates has been investigated
by many researchers.

The techniques of adhesion measurement are, generally, destructive. The most
common technique is to apply a tensile strength on a mortar coating sample,
measuring their tensile bond strength with a pull-off tester. However, some
researchers look to correlate the bond strength behavior with the parameters mea-
sured in nondestructive testing.

Some nondestructive techniques found in technical researches consist of mea-
sure faults on interfacial contact area with ultrasound, correlating bigger times of
wave’s passage with failures presence (Tan et al. 1996; Davis and Brough 1972).
Nevertheless, values measured by this technique are only comparative, and have
influence of the heterogeneous characteristics of cementitious materials and sub-
strate and rendering voids.

Other researches investigate interfacial failures by using thermographic cameras
(Kylili et al. 2014; Freitas et al. 2014). This technique is effective to identify zones
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with coating detachment, because of voids’ difference in temperature; however, this
does not demonstrate the quantitative values of adhesion in interface.

Thus, the path to find nondestructive techniques to estimate adhesion at the
interface between systems, appears to thoroughly investigate the properties that
affect this property and develop mathematical models for predicting the behavior of
building systems.

In this line, the use of 3D laser scanning for characterizing surfaces appears as an
accurate and easy to use tool. Some authors (Hola et al. 2015; Santos et al. 2007;
Pretto 2007; Stolz 2011; Logins and Torims 2015; Deltombe et al. 2014) have used
it to characterize surface roughness, using parameters provided by this device. The
measurement of failures present at the mortar/substrate interface in order to quantify
the real interfacial contact area is innovatory.

Considering all the variables that can influence the interface contact between
surfaces, this study aims to analyze the influence of mortar proportioning and
application energy of rendering mortar on interfacial contact area, when applied to
substrates with different superficial tensions.

2 Methodology

The experimental program consists of producing three different mortars, with the
same binder: aggregate ratio of 1:3, ranging lime hydrated percentage. So, mortars
were produced in the proportions of 1:0:3, 1:1:6, and 1:2:9 (cement:hydrated lime:
sand, in volume, dry materials, converted in mass in laboratory). These mortars
were applied with two application energies in three different no porous and no
rough (smooth) substrates, with distinct characteristics of wettability.

Experimental matrix is shown in Fig. 1.

Mortar 
1:0:3

Energie 1

Surface 1

Surface 2

Surface 3

Energie 2

Surface 1

Surface 2

Surface 3

Mortar 
1:1:6

Energie 1

Surface 1

Surface 2

Surface 3

Energie 2

Surface 1

Surface 2

Surface 3

Mortar 
1:2:9

Energie 1

Surface 1

Surface 2

Surface 3

Energie 2

Surface 1

Surface 2

Surface 3

Fig. 1 Experimental matrix
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2.1 Mortars Production

Three mortars prepared with compositions of 1:0:3, 1:1:6, and 1:2:9 (cement:hy-
drated lime:dry sand) were produced according to the Brazilian Standard NBR
13276/2005, for a 240 mm consistence index. The quartz sand used (specific mass:
2.50 g/cm3) consist of the composition of sand with grains retained in sieves #1.2,
0.6, 0.3, and 0.15 mm, with equal fractions of each sieve, 25 % each (Unitary mass:
1.51 g/cm3).

The cement used was Portland cement type IV (equivalent to the American IP
(MS) grade), and the calcitic lime (specific mass 2.37 g/cm3, mean particle size
22.4 μm) complied by Brazilian standards limits.

2.2 Mortars Characterization

Characterization tests of fresh and hardened mortars were performed to provide the
technological control of the materials, in addition to the characterization of the
different rheological behaviors. In fresh state, bulk density, water retentivity, and air
content characterization were performed, all of them according to Brazilian stan-
dards. In hard state, 28 days before mortars production, were performed flexural
strength, compressive strength, dynamic elasticity modulus, density and capillary
water absorption characterization tests, all according to Brazilian standards.

A Brookfield Rotational Rheometer R/S plus was used for the rheological
characterization. The vane type V 30 × 15 was used, with a height of 30 mm and a
diameter of 15 mm, in a standard container for all mortars. This type of vane is the
most suitable for rheological tests on mortar coating suspensions and high-viscosity
materials. The size of the vane was determined in preliminary tests. The rotational
rheometer data was then treated with the Rheo3000 Software.

The routine chosen for mortar analysis consists of four lectures levels, each 20 s,
reaching a maximum of 100 1/s shear rate (Fig. 2). The objective of this charac-
terization was to take an apparent viscosity in a fixed point to compare different
mortars.

2.3 Mortars Application

Mortars were applied to the substrates by means of a device called “drop box,”
illustrated in Fig. 3, from two fixed fall heights of 30 cm and 1 m. A “drop box” is a
simple device, used by some researchers (Pagnussat 2013; Stolz 2011; Stolz and
Masuero 2015; Carasek 1996; Antunes 2005; Paes 2004), which allows users to
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adjust the height from which the mortar will be dropped into the substrate, therefore
controlling the applied energy.

2.4 Substrates Selection

Through preliminary analysis, three nonabsorbent substrates with different wetta-
bility ratings were chosen: glass, acrylic, and polyethylene. These substrates were
characterized by measuring the contact angle of a drop of water projected on their
surface, through a goniometer. Table 1 presents the chosen surface with their
respective contact angles. The glass surface can be considered hydrophilic, with a
contact angle of 27°, the acrylic surface is an intermediary surface, with 52° of
contact angle, and the polyethylene surface is hydrophobic, with 96° of contact
angle.

Using the Young–Laplace equation, the superficial tension of the surfaces was
evaluated, which are presented in Table 2.

Fig. 2 Rheometer routine

Fig. 3 Schematic figure of
“drop box” device
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3 Results

The results of mortar characterization and contact area quantification are presented
in this section.

3.1 Mortar Characterization

Mortars proportioning are presented in Table 3.
Tables 4 and 5 present fresh and hardened (28 days) states characterization of

mortars, respectively.

Table 1 Contact angle of a water drop with selected surfaces

Table 2 Superficial tension calculated by Young-Laplace equation

Surface Superficial tension (dynes/cm)

Water (20 °C)/air (liquid/steam) ƔLS = 72.8

Glass (solid/steam) ƔSS = 1000

Acrylic (solid/steam) ƔSS = 41

Polyethylene (solid/steam) ƔSS = 31

Glass (solid/liquid) ƔSL = 935.13

Acrylic (solid/liquid) ƔSL = −3.82

Polyethylene (solid/liquid) ƔSL = −38
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In fresh state, it was possible to observe that the hydrated lime presence on
mortars proportioning exerted influence on air content and bulk density. The more
the content of lime, the smaller the bulk density, as the density of lime density is
less. The greater presence of lime decreases the air content. It can result in small
grains of mortar fill of voids in admixture. Water retentivities of all mortars were
similar, and it does not seem to be influenced by these mortar proportionings.

The hardening state characterization shows that hydrated lime’s presence sig-
nificantly reduced the mechanic strength of mortars, reducing also the dynamic
elasticity modulus and density, as expected. On the other hand, capillary water
absorption was increased by lime presence on mortars proportioning.

Rheological characterization with rotational rheometer is presented in Fig. 4.
The 1:1:6 mortar showed a viscosity and yield stress increase fairly sizeable. It is
believed that a set of phenomena may have caused this behavior, the most evident
was interaction between the proportioning associated with a uniform particle size of
sand, generating a worst packaging.

Table 3 Mortars proportioning

Mortar Water (g) Consistency (mm) Water/cement ratio Water/binder ratio

1:0:3 214 245 0.95 0.95

1:1:6 222 244 1.91 1.19

1:2:9 250 250 3.21 1.44

Table 4 Characterization tests of fresh rendering mortars

Mortar Bulk density of fresh mortar
NBR 13278/05 (kg/m3)

Water retentivity
NBR 13277/05 (%)

Air content
NBR NM 47/02
(%)

1:0:3 2064 97 2.57

1:1:6 2062 98 2.20

1:2:9 2039 95 2.00

Table 5 Characterization tests of hardened rendering mortars

Mortar Compressive
strength NBR
3279/05
(MPa)

Flexural
strength
NBR
13279/05
(MPa)

Dynamic
elasticity
modulus
NBR
15630/08
(GPa)

Density of
hardened
mortar NBR
13280/05
(kg/m3)

Capillary water
absorption
NBR 15259/05
(g/dm2 min1/2)

1:0:3 7.63 2.34 14.66 1908 8.89

1:1:6 2.27 0.25 7.31 1880 15.67

1:2:9 0.73 0.35 3.45 1810 24.43
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This fact reaffirms that the understanding of how the flow occurs in heteroge-
neous suspensions, such as coating mortars, is quite complex. So that, apparently, it
should be considered not only the packaging and the particle size distribution of the
aggregates, but its interaction with the paste of all the dispersion and how the
particles react when subjected to tension, flowing in a homogeneous or heteroge-
neous way (with particles segregation).

Calculating void volume (Vv) of all mortars it was observed that mortar 1:1:6
presented bigger Vv percentage (41.87 %), followed by 1:2:9 mortar with
Vv = 41.66 % and 1:0:3 with Vv = 40.56 %. So, it can be concluded that bigger Vv
mortar has also bigger viscosity values.

The grains friction of heterogeneous suspensions and their influence on mortars
rheology was subject of Mendes’ (2008) study. The author states that particle size
distribution of aggregates has influence on suspension rheological behavior.
However, for the variables evaluated by the author, it was not possible to establish
direct correlation between the coefficient of friction of the aggregates and the
suspensions viscosity. Olhero and Ferreira (2004) corroborate with this statement,
emphasizing that the rheological behavior can not only be based on the suspension
particles’ size, but also on the distribution of particle sizes, which plays a more
important role in this behavior.

Another phenomenon that may be occurring on the 1:1:6 mortar, which has lime
in its composition, however, showed high viscosity and flow resistance, which can
be related to the content of fines having reached a “critical value.” This theory has
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been reported by some authors (Zahia et al. 2005; Benabed et al. 2012; Zhang and
Han 2000), who observed that, for the same cement content (constant w/b ratio), the
adding of fine particles reduces the viscosity of the paste before increasing this
property. It happens, when the fines content exceeds a certain critical value, which
is the water/cement ratio dependence.

Lee et al. (2003) and Kashani et al. (2014) complement that, when a mineral
admixture with a large particle dispersion is added to the cement paste, the smaller
particles fill the pores, enhancing packing, while increasing the free water of cement
pastes fluidity. In smaller dispersion particle size distributions case, pores among
particles are greater, thus reducing fluidity.

In the 1:0:3 mortar case, the lack of fine aggregates on composition could result
in more easier exit of water present in porous mortar that is accumulated on vane
surrounding, generating a small viscosity.

3.2 Three-Dimensional Laser Scanning

After curing time, mortars were separated from the substrates and digitized with a
tridimensional laser scanner. The results were treated with the Geomagic Studio 10
Software to generate a tridimensional image. This image was saved in the PNG
(Portable Network Graphics) format and opened with the Photoshop CS5 Software,
where contact and noncontact areas were quantified. It is important to emphasize
that the images were not altered, but only treated to connect 3D scanned points and
highlight the noncontact areas.

One example of the results of these treatments is presented in Fig. 5, were dark
blue and black points represent the noncontact areas.

The results for the contact area measurement of mortars are presented in Table 6,
for mortars 1:0:3, 1:1:6, and 1:2:9, respectively. The technique of 3D laser scanning
proved to be adequate for interface contact area measurement, considering that
variation coefficients resultant of the method were lower than 10 %.

In order to verify the statistical significance of the obtained values, an analysis of
variance (ANOVA) was performed with the Software Statística 7 (Table 7). It is
possible to observe that mortar proportioning and fall heights are significant factors
on contact area development, with 95 % of reliability. In addition, the interaction
between surface × fall heights is significant on interface contact area development.

The graphs of significant interactions, i.e., mortar, fall heights, and the inter-
action between mortar/surface/fall heights, are presented in Figs. 6, 7 and 8.
Figure 6 shows that mortar 1:1:6 presented worst behavior in relation to contact
area. This fact can be related with the viscosity of this mortar, which was higher
than the others, as presented on rheological results.
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Fig. 5 Images resulting from
the 3D scan. The noncontact
area points are shown in dark
blue and black: a 3D image
resulting from treatment in
Geomagic Studio 10
Software, b 2D image treated
in Geomagic Studio 10
Software, c 2D image treated
in Photoshop CS5 Software
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Figure 7 shows that greater energy application of rendering mortar results in
greater percentage of contact area, i.e., less contact failures.

Analogously, as can be seen in Fig. 8, it is possible to conclude that, for the
lower application energy, the surface hydrophobicity was not a significant influent

Table 6 Measurement of contact areas of mortars 1:0:3, 1:1:6, and 1:2:9, applied to the
polyethylene, acrylic, and glass substrates with fall heights of 30 and 100 cm

Mortar Surface Fall heights
(cm)

Mean contact
area (%)

SD (%) VC (%)

1:0:3 Polyethylene 100 79.32 2.89 4

1:0:3 Acrylic 100 90.53 3.07 3

1:0:3 Glass 100 89.53 3.72 4

1:0:3 Polyethylene 30 83.34 6.67 8

1:0:3 Acrylic 30 78.33 5.23 7

1:0:3 Glass 30 78.89 7.89 10

1:1:6 Polyethylene 100 75.92 3.14 4

1:1:6 Acrylic 100 87.11 2.17 2

1:1:6 Glass 100 81.98 5.24 6

1:1:6 Polyethylene 30 71.77 1.56 2

1:1:6 Acrylic 30 73.29 2.44 3

1:1:6 Glass 30 74.37 3.57 5

1:2:9 Polyethylene 100 84.66 4.66 6

1:2:9 Acrylic 100 81.71 3.36 4

1:2:9 Glass 100 92.19 1.42 2

1:2:9 Polyethylene 30 87.77 4.63 5

1:2:9 Acrylic 30 82.12 6.22 8

1:2:9 Glass 30 79.57 7.13 9

SD Standard deviation; VC Variation coefficient

Table 7 Controlled factors and contact area data factorial analysis of variance (ANOVA)

Factor SS DOF MS Calc.F P factor

Mortar 984.7 2 492.4 12.46 0.000028
Surface 4.0 2 2.0 0.05 0.950539

Fall heights (cm) 504.0 1 504.0 12.75 0.000688
Mortar*surface 169.5 4 42.4 1.07 0.377863

Mortar*fall heights (cm) 42.5 2 21.3 0.54 0.586510

Surface*fall heights (cm) 424.8 2 212.4 5.37 0.006997
Mortar*surface*fall heights (cm) 258.5 4 64.6 1.64 0.176483

Error 2490.0 63 39.5

SS Sum of square, DOF Degree of freedom, MS Mean square
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in contact area development. On the other hand, the greater fall height evidences
how bigger is the contact angle of the drop water on surface, i.e., the greater the
degree of hydrophobicity, the lower the contact area percentage.

1:0:3 1:1:6 1:2:9

Mortar
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Fig. 6 ANOVA of mortars proportioning influence on interfacial contact area

30 100
Fall heights (cm)

72

74

76

78

80

82

84

86

88

90

92

C
on

ta
ct

 a
re

a 
(%

)

Fig. 7 ANOVA of fall heights (energy of application) influence on interfacial contact area
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4 Conclusions

Based on the results of this experimental program, it is possible to establish the
following conclusions, for variables studied:

(a) the mortar proportioning is the most influent variable on substrate/mortar
interface contact area, presenting lower p factor on statistical analysis;

(b) application energy of mortars have to be controlled and measured looking for
a bigger interfacial contact area. In practice, it is important to standardize as
much as possible this variable, using mechanized application instead of
manual (which is frequent in most Brazilian works);

(c) superficial tension of substrates is a property that deserves more attention from
researchers studying adhesion. This property can be affected by the substrate
composition or mold release agents used in concrete, for example, and its
interaction with application energy of mortar has a significant influence on
interfacial contact area;

(d) packing of all grains present in mortar composition have to be measured, not
only for sand or aggregates, since there is an interaction between aggregates
and binders grains that can modify flow;

(e) 3D laser scanning is an important and innovative technique to quantify
interfacial contact area, showing a good potential for further improvements.

 Fall heights (cm)
 30
 Fall heights (cm)
 100Polyethylene Acrylic Glass

Surface

72

74

76

78

80

82

84

86

88

90

92

C
on

ta
ct

 a
re

a 
(%

)

Fig. 8 ANOVA of fall heights (energy of application) and surface angle of contact interaction on
interfacial contact area

Analysis of Main Parameters that Affect Contact Area … 33



Acknowledgments The authors appreciate the financial support of CNPq (Conselho Nacional de
Desenvolvimento Tecnológico—Brazilian Council of Technological Development) and CAPES
(Fundação Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brazilian Ministry of
Education).

References

Antunes RPN (2005) Influence of rheology and the impact energy on the adhesive strength of
mortar coatings, 187 p. Phd thesis (PhD in Civil Engineering)—Polytechnic School of São
Paulo University, São Paulo (In Portuguese)

Banfill PFG (2003) The rheology of fresh cement and concrete—a review. In 11th International
congress on cement chemistry, Proceedings. Duban

Bauer E, Sousa JGG, Guimarães EA, Silva FGS (2007) Study of the laboratory Vane test on
mortars. Build Environ 42:86–92

Benabed B, Kadri E, Azzouz L, Kenai S (2012) Properties of self-compacting mortar made with
various types of sand. Cem Concr Compos 34:1167–1173

Carasek H (1996) Portland cement mortars adherence to porous substrates: assessing of the
influence factors and contribution to the study of the linkage mechanism, 285 p. Thesis
(Doctoral)—Polytechnic School of São Paulo University, São Paulo (In Portuguese)

Davis WR, Brough R (1972) Ultrasonic techniques in ceramic research and testing. Ultrasonics 10
(3):118–126

Deltombe R, Kubiak KJ, Bigerelle M (2014) How to select the most relevant 3D roughness
parameters of a surface. Scanning 36:150–160

Freitas S, Freitas VP, Barreira E (2014) Detection of façade plaster detachments using infrared
thermography—a nondestructive technique. Constr Build Mater 70:80–87

Hall C (1977) Water movement in porous building materials-I. Unsatured flow theory and its
applications. Build Environ 12:117–125

Hall C, Yau MHR (1987) Water movement in porous building materials—IX. The water
absorption and sorptivity of concretes. Build Environ 22:77–82

Hola J, Sadowski L, Reiner J, Stach S (2015) Usefulness of 3D surface roughness parameters for
nondestructive evaluation of pull-off adhesion of concrete layers. Constr Build Mater 84:111–
120 1 June 2015

Kashani, A, Nicolas RS, Qiao GG, Van Deventer JSJ, Provis JL (2014) Modelling the yield stress
of ternary cement–slag–fly ash pastes based on particle size distribution. Powder Technol
266:203–209

Kylili A, Fokaides PA, Christou P, Kalogirou SA (2014) Infrared thermography (IRT) applications
for building diagnostics: a review. Appl Energy 134:531–549

Lee SH, Kim HJ, Sakai E, Daimon M (2003) Effect of particle size distribution of fly ash–cement
system on the fluidity of cement pastes. Cem Concr Res 33(5):763–768

Logins A, Torims T (2015) The Influence of high-speed milling strategies on 3d surface roughness
parameters. In: 25th DAAAM international symposium on intelligent manufacturing and
automation. vol 100, pp 1253–1261

Mendes TM (2008) Influence of the aggregate friction coefficient and the matrix viscosity in the
rheological behavior of concentrated heterogeneous suspensions, 122 p. Master (Master in
Civil Engineering)—Polytechnic School of São Paulo University, São Paulo (In Portuguese)

Olhero SM, Ferreira JMF (2004) Influence of particle size distribution on rheology and particle
packing of silica-based suspensions. Powder Technol 139:69–75

Paes INL (2004) Evaluation of the mortar coatings water transport in the initial post-application
times, 265 p. Phd thesis (PhD in Civil Engineering)—Brasília University, Brasília (In
Portuguese)

34 C.M. Stolz and A. Borges Masuero



Pagnussat D (2013) Effect of production burning temperature of ceramic blocks and its influence
in the tensile bond strength of mortar renderings under ceramic block walls. 2013. Thesis
(Doctoral)—Federal University of Rio Grande do Sul, Porto Alegre (In Portuguese)

Pretto MEJ (2007) Influence of the rugosity produced by concrete substrate treatment in adherence
of mortar coverings, 180 p. Thesis (Master)—Federal University of Rio Grande do Sul, Porto
Alegre (In Portuguese)

Ramos NMM, Simões ML, Delgado JMPQ, de Freitas VP (2012) Reliability of the pull-off test
in situ evaluation of adhesion strength. Constr Build Mater 31:86–93

Santos PMD, Júlio ENBS, Silva VD (2007) Correlation between concrete-to-concrete bond
strength and the roughness of the substrate surface. Constr Build Mater 21(8):1688–1695

Senff L, Barbetta PA, Repette WL, Hotza D, Paiva H, Ferreira VM, Labrincha JA (2009) Mortar
composition defined according to the rheometer and flow table tests using factorial designed
experiments. Constr Build Mater 23:3107–3111

Stolz CM (2011) Interaction between mortar rheological parameters and surface potential contact
area on mortar renderings bond strength, 212 p. Thesis (Master)—Federal University of Rio
Grande do Sul, Porto Alegre (In Portuguese)

Stolz CM, Masuero AB (2015) Analysis of main parameters affecting substrate/mortar contact area
through tridimensional laser scanner. J Colloid Interface Sci 455:16–23

Sugo HO, Page AW, Lawrence SJ (2001) The development of mortar/unit bond. In: Canadian
masonry symposium, 9th, fredericton. Proceedings of department of civil engineering—
University of New Brunswick

Tan KS, Chan KC, Wong BS, Guan LW (1996) Ultrasonic evaluation of cement adhesion in wall
tiles. Cement Concr Compos 18(2):119–124

Yates M, Martin-Luengo MA, Cornejo J, González V (1994) The importance of the porosity of
mortars, tiles and bricks in relation to their bonding strengths. Stud Surf Sci Catal 87:781–790

Zahia T, Roussel N, Lanos C (2005) The squeezing test: a tool to identify firm cement-based
material’s rheological behaviour and evaluate their extrusion ability. Cem Concr Res 35
(10):1891–1899

Zhang X, Han J (2000) The effect of ultra-fine admixture on the rheological property of cement
paste. Cem Concr Res 30(5):827–830

Analysis of Main Parameters that Affect Contact Area … 35



The Pathologies of the ETICS

Filiberto Lembo and Francesco Paolo R. Marino

Abstract The use of the ETICS is covered by a specific technical standard: the
ETAG 004 Guideline for Technical Approval of External Thermal Insulation
Composite Systems With Rendering, issued by EOTA European Organization for
Technical Approvals; so, all applications should include approved systems, with the
ETA European Technical Approval marking, which are raised from an approval
body. From the design point of view, ETICS are differentiated according to the
methods of fixing: bonded ETICS, bonded ETICS with supplementary mechanical
fixings, mechanically fixed ETICS with supplementary adhesive, and purely
mechanically fixed ETICS. There are also different types of substrates (masonry
walls [made from units of clay, concrete, calcium silicate, autoclaved aerated
concrete or stone]); in situ or prefabricated concrete walls; wood structures. ETICS
components are many and can be very different from one system to the other: they
are basically adhesive (dry mortar, powder requiring addition of extra binder, paste
requiring addition of cement, ready-to-use paste), with more or less organic resin;
insulation product (basically EPS, mineral wool, and wood wool; but also cork,
XPS, polyisocyanurate (PIR), phenolic foam, and others); rendering system, made
by reinforcement (glass fiber, or plastic mesh – standard or reinforced – or metal
lath, or dispersed fibers embedded or dispersed in render coating), render, formed
by base coat, key coat, finishing coat, and/or decorative/protective coat; mechanical
fixing devices and ancillary materials and components, as window’s sill, corners,
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joint-covers, sealants, mastics, and so on. So, due to the complexity of the structure
and the number of performances required, in the case of emerging pathologies,
checking for causes is very difficult.

Keywords ETICS � Pathologies � ETAG 004 � Diagnosis techniques

1 Grounds for a Research

Probably, there is no “non-traditional” building technique that, as External Thermal
Insulation Composite Systems (ETICS), is concerned with a technical standard that
pays as much attention to “verification methods used to examine the various aspects
of performance, the assessment criteria used to judge the performance for the
intended use and the presumed conditions for the design and execution” (ETAG
004 2000). The Guideline is, on the other hand, the result of a long evolution that
dates back to UEAtc Technical Guide for the Assessment of External Wall
Insulation Systems Faced with Mineral Render of the April 1992, and before to the
UEAtc Directives for the Assessment of External Insulation Systems for Walls
(Expanded Polystyrene Insulation Faced with a Thin Rendering) of June 1988; and
more before to the researches from 1959, on the one hand in France (Lembo 1990),
especially from C.S.T.B., and on the other in Germany (Riedel et al. 2010).

The ETAG “has been established in compliance with the provisions of the
Council Directive 89/106/EEC (CPD)…is a basis for ETAs, i.e. a basis for tech-
nical assessment of the fitness for use of a product for an intended use” (ETAG 004
2000, p. 14). Therefore, from the point of view of pathologies, an ETICS
homologated through an ETA and executed in respect to limitations and pre-
scriptions stated in the ETA (Cahier du CSTB 2013), should be by definition
pathologies’ exempt or, at least, immune from heavy pathologies, as to bring into
question his functionality, in a long time (25 years or so on). And, on the other
hand, a system set in place in a way different from that stated in the ETAG 004 and
in the ETA (for instance, bonded on minus than 20 % of surface, with components
which are different from that scheduled in the ETA, with different thickness of the
layers, with differing composition) (for instance, without key coat if scheduled), is
therefore “outlaw,” and hence bound to be subject to most different pathologies. It
should be banned from the market. It should not exist.

In actual fact, this is not true. On the contrary, you can see the diffusion of “do-
it-yourself systems,” in which components are chosen on the free market on the
basis of economic convenience, and assembled according to the convenience of
designers or of builders (CRESME RICERCHE SpA 2014) by subjects who often
have a very limited design culture, a limited knowledge of the defects before
studied and known, and who often have the economic interest to adopt a prede-
termined solution, rather than the best solution for a specific situation. In this case,
to have an ETA becomes only the covering for being on the market, in a condition
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of laissez faire, laissez passer. On the other hand, in particular, systems durability
appears to be not exactly determinable, despite the extent and the close examination
of experimental tests scheduled by ETAG 004; most of all, these tests are unable to
provide a system’s qualitative assessment: once exceeded requirement’s established
threshold, every system looks like equal, all perfectly adherent to substrate, weather
proof, nonhydrophilic, not subject to cracks, and so on.

Simply, it is not true. Some between them last 10 years without problems, and
others every time, also if as soon as realized look like perfect, after some years
appear fatally and systematically compromised. At the extent that today, recovering
and upgrade works on the ETICS already existing are nearly in the same quantity of
new ETICS works. But in the building sector, economic interests are much too
strong to have somebody who says “Artemidoro’s papyrus is a false.” The situation
is similar to that which occurs in Italy with precast facing reinforced concrete
industrial buildings, they continue to realize with coverings that normally satisfies
standards for static security, but not durability requirements. They can be tried out
from the structural point of view, and they are; but as durability, it is another
subject, and 20 years later they are a fresco of rust drippings and spalling of
concrete.

Actually, under the unique ETICS’s acronym are collected systems extremely
different, born from very different requirements. To deeply analyze them, you must
subdivide them into types and examine them one by one and compare one type with
another. Only in this way can you understand why they exist, and why they are
proposed on the market. But we can only touch on this in the few pages of this
contribute.

2 The ETICS Are Responses to Different Performance
Requirements

ETICS were born at the end of the 1950s because only then were available non-
saponifying organic resins that make traditional mineral renders enough elastic, to
become warp without cracking due to great thermal deformations, peculiar of a thin
layer adherent, applied on an insulation product, warmed up by the sun and straight
after cooled by icy rain. Only in this way renders can follow thermal movements of
synthetic insulation products below, characterized by an “α” much greater than
traditional ones. In fact, despite wood wool was industrially produced from the first
decades of the century, as insulation product the interest was in these years in
particular to the EPS that, being not hydrophilic in an outstanding way, give to the
exterior walls further weather tightness.

France is, especially, the only country that has, yet in that moment, and today
too, a standard (D.T.U. 20.11 and D.T.U. 23.1) which classify water tightness to the
rain of buildings external walls, identifying four different building typologies of
different rain screen performance, and establish that (according to the exposition of
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the wall, on wind zone; on nearness to lakes or seaside; on the height of the wall on
the ground; and on being “sheltered” or not) you must adopt very specific wall
typologies, or even you must study and implement specific solutions purpose-made
(Lembo 1990, Vol. I, pp. 49–59). In France, an ETICS realized with a nonhy-
drophilic material such as EPS which led to the upgrading of the external walls of
Ist type to IInd a-type [the worst, that with lower weather tightness, realized with
hydrophilic materials in contact between them (for instance, units of clay or con-
crete, rendered or not, but also in reinforced concrete, also with hydrophilic insu-
lation in contact or at range shorter than 2 cm from other hydrophilic layers of the
wall)].

Therefore, the advantage of realizing an ETICS with EPS was double: the
insulation and the water tightness. From here, the great diffusion in France,
Germany, and in general in countries with stormy weather, of the ETICS founded
on EPS.

This standard in France has been even further specified, in March 1983 (we are
speaking of 31 years ago) with the Deliberation of Groupe Spécialisé n. 7 (produit
et systèmes d’étancheité et d’isolation complémentaire de parois verticales) of the
Commission chargée de formuler des Avis Techniques: “Conditions génerales
d’emploi des systémes d’isolation thermique des façades par l’extérieur faisant
l’objet d’un avis technique” (Cahier du CSTB n° 237, Livraison 1833), which at
point 3 Choix des types de murs isolés par l’extérieur en fonction de leur exposition
à la pluie, has defined four wall types, with water tightness increasing from XI to
XII, to XIII, to XIV, and establish that the water tightness depends on both the
quality of supporting wall, the insulation material and quality of exterior skin,
setting ETICS polystyrene based in types XII and XIII, depending on being dressed
with mineral base coat and finishing coat (XII) or organic base coat and finishing
coat (XIII).

But for buildings more than three floors high, or with a higher fire risk, mainly if
the thickness of EPS insulation is more than 10 cm, in England, in France and in
Germany, for a long time it is necessary to provide for cut-flame architraves on
doors and windows, and/or cut-flame rings all building round at the most every two
floor, realized with material reacting to fire A1 or A2; and here comes the diffusion
of ETICS with insulation products in nonhydrophilic mineral wool, in different
types (MW and L). But, also if in tests preview from ETAG 004 water absorption
after 1 h or after 24 h of the base coat or of the all system is corresponding to the
required performance, the hydrophilic behavior of material is undoubtedly different,
and inferior to that of an EPS (Pearson 2010).

Therefore, you need base coats and finishing coats especially waterproof, and
with a higher content of organic resin, to obtain a high water tightness. But higher
content of organic resin makes renders more inflammable, and lowers their reaction
to fire. Hence, the requirement of defense from fire risk and water tightness are in
contradiction between them. In a high-rise building it is difficult to conciliate the
two performances, and you need systems especially studied for satisfying both
these requirements.
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In the same way, the use of wood wools that today have their principal reason in
the search of materials with greater sustainability; they are normally characterized
by reaction to fire E, as the EPS, and they are undoubtedly more hydrophilic than
EPS; with water they decay. Therefore, an ETICS with insulation product made in
wood wool should be made up by components especially refined for obtaining at
the same time the necessary water tightness and the appropriate reaction to fire.

Analogously, for solving particular acoustic problems, often determined by
systems of building “light and dry” of opaque parts of walls, now in fashion; for they
have been necessary to implement particular solutions, with insulation products
elasticated and heavy renders, very thick, in way to take the best advantage of
mass-string-mass effect. But heavy renders, very thick, are basically more rigid and
brittle than thin renders, and crack’s risk become greater, and you must pay a greater
attention in the design phase, providing break-up joints, which are expensive and can
be not appreciated (Lembo 1990, Vol. II, pp. 38–39) (see Figs. 1 and 2).

That is what occurs for the colors of the façades, which must be clear if you want
to keep down the risk of cracks, in particular for mineral renders. That which
shuffles between strips of beige and dark brown, without scheduling break-up joints
on the contact line between the two colors, in 10 years will find the façade sys-
tematically cracked (see Figs. 3 and 4). Which ETAG 004, which ETA can remedy
to pathologies coming up for the lack of design culture of project managers?

And so on, with other insulation products, for the most part implemented for
other productive sectors, and that industries urge for inserting in the building sector
of the exterior insulation of façades, like the cork, the extruded polystyrene foam
XPS, the rigid polyurethane foam PUR, the products of phenolic foam PF, the
polyisocyanurate PIR, the expanded glass foam, and many others.

Fig. 1 Building with ETICS in PIR in Torrette di Mercogliano (Avellino). Insulation thickness:
3 cm; cementitious render: 2.0–2.5 cm; finishing coat: paint
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Fig. 2 Wall facing west

Fig. 3 New building under
construction in the University
Campus of Macchia Romana
in Potenza. ETICS ISOL-K8
(ETA-05/0195)
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Some of these materials, as the XPS, the PUR, the PF, the PIR, are characterized
by thermal expansion ratio greater than EPS, and therefore make difficult the task of
reinforcement meshes and of base coats, for preventing that system, with the
passing of time, breaks (as it can be seen in Figs. 1 and 2). Or else, like the cork, the
PU or the PIR, have the tendency, as time goes by, to absorb and to hold back
the moisture, chiefly through the not protected edges, changing their thermal and
weather tightness characteristics (Pearson 2010, p. 74).

Otherwise, they are subject to phenomenon of long-term withdrawal, which can
cause cracking of base coat and finishing coat. Each of ETICS produced with these
new and different materials, which answer more to productive and market
requirements, than to constructive ones, has his own characteristics very different
from these of the systems of the beginning, on which we have 50 years of expe-
rience; and the risk of heavy pathologies with the passing of time increases.

We have had an illuminating example, in Canada, with uncritical use, for
wooden houses, of ETICS implemented for buildings in massive systems, that
caused pathologies very serious and irretrievable on tens thousands houses, that has
been demolished few years after their completion, because decayed and at risk of
collapse (Horvat and Fazio 2004). But in Italy, today, they make the same errors.

Fig. 4 Walls are painted in
light beige and dark brown, in
vertical alternate strips
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Otherwise, the companies that want to assure superior qualities to their systems
issue technical requirements much more restrictive than that of ETAG 004 for the
materials and components to insert in their systems (for instance, the Sto AG
Company has a proprietary disciplinary “Quality requirements for Sto polystyrene
insulation boards,” through which they request performances especially high for all
important parameters and characteristics). This means that systems seemingly
equals can have in reality technical characteristics deeply different, and can be
designed for long lasting, or not.

3 Research Methodology: A Comprehensive Examination
of European Valid ETA, Focused on Comparison
with Italian Valid ETA

For understand causes of ETICS’ pathologies, identify those predictable and dis-
tinguish those “structural” from those coming from design or execution mistakes, is
in progress since 3 years at Constructions Technology Laboratory La.Te.C. of
Engineering School of Basilicata University, Potenza, a research program that
examined every valid ETA, issued in whole Europe from National Approval Body
(C.S.T.B. in France, D.I.B.t. in Germany, IETcc in Spain, ITC in Italy, LNEC in
Portugal, O.I.B. in Austria, SITAC in Sweden, TZÙS in the Czech Republic, TSUS
in Slovakia, UBAtc in Belgium, Z.A.G. in Slovenian Republic, and so on). They
are many hundreds. Systems have been classified by typologies, by principal
characteristics and performances, and they have been confronted between them, on
the basis of data emerging from ETA analysis.

The classification of the systems, useful to operate the comparison between
them, was made considering the following properties and characteristics: system
name, European technical assessment, system holder, short description, finishing,
reinforcement mortar (after 1 h, Kg/m2; after 1 die Kg/m2), finishing coatings (after
1 h, Kg/m3; after 1 die Kg/m3), type of wall, wind resistance (glued, PVC profiles,
dowels), percentage of fireproofing agent declared, reaction to fire Eurocode EN
13501-1, vapor permeability (air thickness, m), EPD, material safety data sheet,
resistance of the screws (category, notes, records), gluing surface percentage,
bonding and reinforcing mortar, insulating, dowels, PVC profiles, reinforcement
mesh, primer, mineral finishing, and organic finishing.

An example of a comparative table that has been made is shown below in Fig. 5.
Given the considerable size, it is reported only as an extract and divided into several
parts (see Fig. 5).

Operationally, it proceeded in the following way. First, we find that information
contained in the ETA issued from different approval bodies, as well in the fixed
frame of ETAG 004 (2000, pp. 116–143), have different degrees of close exami-
nation. Whereas, for instance, the ETA of CSTB show often the year of intro-
duction on the market of the system and the amount of surfaces yearly done, many
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Fig. 5 Example of a complete synoptic table of ETICS cataloging and characterization
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Fig. 5 (continued)
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others do not contain this information; and therefore systems that still must be
tested through realizations are treated like others, on the market from many years
and with which are realized yearly millions of square meters.

Most part of systems (more than 80 % in number of ETA) has EPS as insulation
product; follows mineral wool (about 10 % in number of ETA); every other
insulation product occupies the residual percent. For the most part, systems forecast
bonds and base coats as powder requiring addition of cement as extra binder, and
have organic resin ratio very low, about 3–3.5 % in the base coat, 5–9.5 % in
finishing coat.

Therefore, are present mainly these that already in 1980 in France were defined
“hydraulic render of first generation,” in opposition to “thin render, organic base,
of second generation” (Lembo 1990, Vol. I, p. 93). But thicknesses of base coats
according to schedules of ETA’s are as a general rule very thin, and normally is
specified only the minimum thickness, but not the maximum. This is a problem,
because properties of a material depend on his thickness that cannot be freely
changed, without altering its behavior (as it can be seen in Figs. 1 and 2).

Hence we are talking, in general, of materials quite cheap, not particularly
refined, and therefore you invent that many companies, holders of approval, pro-
duce only insulation product, or on the contrary the base coat and the finishing coat,
while the elements with greater technological complexity (for some system they
seem to be the meshes and the fixing devices; for others, the insulation products; for
others more, base coat and finishing coat) are produced by few specialized indus-
tries, and cement is bought directly by the company that applies the system, on the
free market, normally CEM II/A-LL 42,5 R.

The most part of systems is fixed whether bonded, or bonded with supple-
mentary mechanical fixings. But, while French or German standards constitute
precise reference frame for typifying the wind load resistance system must offer in
different site conditions, in Italian ETA all is entrusted to project manager and to
executive director, who every time should establish system’s wind load security
conditions, on the basis of valid standard NTC 2008.

The result is that for many Italian systems ETA foresees to use only one type of
supplementary anchors, that obviously makes unfeasible the system’s use in the
different situation you can find, and usually entrusts to the anchors an improper
ancillary function, with diction: “mechanical fixing devices are utilized to give
stability up to the moment in which the bond is dried and act as temporary con-
nection;” in some cases, the fixing capacity of the anchor is scheduled in the ETA as
“F – No Performance Determined” (ETA-13/0134, CAPTHERM). How it is
possible to issue an ETA in these conditions, is not so much understandable.

It strikes us that many systems, mainly Italian, based on MW insulation prod-
ucts, that should be implemented just for the use in situations in which there is a
great fire risk, obtain the ETA without being tested to the fire reaction tests, and
therefore the system has an ETA with the assessment of reaction to fire “F – No
Performance Determined.”
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It must be highlighted, compared to European panorama, the general solution’s
poverty of finishing/decorative coats of Italian systems: many of Italian ETA
concern systems with only one finishing coat, with only one particles size. It is truly
difficult to trust the unique operational mode of the system’s interventions. That is,
it looks like that in this domain too spread the custom, very Italian, to the “slip of
paper”: the ETA serves to shelter a realization dissimilar, that you carry out the
following requirements of client of the specific building work, regardless the pro-
visions of the ETA.

So the ultimate pathology of the ETICS, almost of these Italians, appears plain:
in a system like this, very awkward, in which many elements carry out in the same
time many functions, the alteration also of only one characteristic of one of layers
compared to the system issued through the ETA can easily bring the system get out
of hand, and become the origin of pathologies you can easily observe, and are well
documented in the literature (Riedel et al. 2010, Chap. 7, pp. 132–181).

The remedy appears to be as much plain: to deny every form of warranty, in
unequivocal way, to every design solution not according to schedule in the ETA
(for instance, to bond claddings in bricks or ceramics of stone plates to ETICS
which has not that prevision in their ETA; or to change the type of finishing coat
and/or decorative coat, or else to substitute the XPS to the EPS, or the EPS to the
XPS, and so on), and not into compliance with best practices everywhere plasti-
cized. Sure enough, the in progress research proves that local conditions can have a
catalytic function for pathological phenomena.

In places that look like Avellino, already famous in the literature (Massari and
Massari 1985), almost as Holzkirken in Germany, for the very high humidity ratio
all year long and for the rain that, pressed by the wind, “hit in horizontal” the walls
of buildings facing West (giving birth to a “Bastard Cold”: evaporation cooling of
the walls of 3–4 °C in respect with air temperature), every applied physics phe-
nomenon is amplified, and only the ETICS of superior quality are able to give
performances required from the hostile environment.

4 Conclusions

The study of the ETICS is particularly tricky due to the complexity of the structure
and the number of performances required and the checking for causes is very
difficult in the case of emerging pathologies.

The paper shows a method for doing this, based on the respect or not, from every
layer and from the relationship between the layers, of the characteristics and per-
formances fixed by ETAG 004 and by Technical Specifications made by other
Specialized Body, as the Groupe Spécialisé n° 7 of C.S.T.B., or extracted by best
practices and by case studies known in the literature or observed by the authors; the
study of the influence of local conditions.
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Criteria for Identification of Ceramic
Detachments in Building Facades
with Infrared Thermography

Elton Bauer, Elier Pavón, Cláudio H.F. Pereira
and Matheus L.M. Nascimento

Abstract Infrared thermography is a nondestructive technique with great appli-
cation potential to study the pathologies of buildings. The use of passive ther-
mography to evaluate building facades subjected to sun incidence has allowed
interesting advances in the identification of regions with initial detachments that are
not visible on the facade surfaces. There are, however, several difficulties in the
methodology, especially regarding the best moment to visualize the anomalies.
These moments depend mainly on the heat flow in the facade, which is not constant.
The objective of this study is to identify the best conditions to visualize the
anomalies by performing field and laboratory studies to evaluate delta-T and
contrast functions. To this end, a laboratory study was developed. It consisted of
heating and cooling experimental base plates with manufactured internal defects,
which were monitored by a sequence of thermograms obtained continuously. The
field study consisted of evaluating an area of a building facade with detachment
patches. The thermal evolution of the facade was monitored continuously by
thermography for 10 h. The results indicate that delta-T cannot be used as the sole
parameter to identify the anomalies. It is also highlighted that knowing the direction
of heat flow is important since the contrast functions have shown that the anomalies
are best visualized at the beginning of the heat flow, heating or cooling. It proved
that the criteria obtained in the laboratory are applicable to field studies, especially
if it is possible to analyze previously the heat flow on the facade.
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1 Introduction

The studies of buildings’ degradation seek to measure and map the anomalies;
therefore, it is necessary to identify and quantify the pathological manifestations
present in each of the building elements. The identification of anomalies in the
building facades is often a complex activity, which requires elaborate logistics and
difficult to implement procedures (Bauer and Pavón 2015). Thus, the aim is to
implement and refine experimental techniques, preferably nondestructive, so that
the routine inspection can be improved and the evaluation is quicker and more
precise. One of these techniques is the infrared thermography, which can be used to
identify detachment and cracks on walls, the most important defects found in
inspections (Edis et al. 2012, 2014a). It should be emphasized that the thermo-
graphic inspection allows a nondestructive evaluation, which may be performed at a
distance, without requiring complex logistics to access the facade. It is also note-
worthy the immediacy of the technique since the thermograms are captured in real
time and immediate analysis of the images allows to identify the potential problems
in the image-making process (reflections, improper angulation) and observe
potential abnormalities as well. This can be done continuously during the inspec-
tion, and the subsequent study of the images allows a conclusive analysis and
definition of the studied aspects.

In addition to investigating detachment problems (Cerdeira et al. 2011; de
Freitas et al. 2014), thermography allows to evaluate abnormalities due to humidity
(Lerma et al. 2011, 2013; Edis et al. 2014b, 2015; Menezes et al. 2015), cracks
(Dufour et al. 2009; Broberg 2013; Freitas et al. 2014), and other pathologies of
different coating systems (Lai et al. 2010, 2012; Pascu 2011). This is true for
laboratory studies performed under relatively controlled conditions and field studies
under different exposure conditions. The results obtained mainly in the studies of
building facades are not yet highly applicable due to the lack of a standard pro-
cedure and analysis criteria for the application of thermography (Bauer et al.
2015a). It is, therefore, necessary to establish a significant set of criteria and
standards to identify safely the anomalies of the facades under different exposure
situations (Bauer and Pavón 2015).

Most research presents several case studies with quantitative results using delta-T
values (temperature difference on the surface between the region of the anomaly
and the surrounding area) as a criterion for identifying defective areas (Bauer
et al. 2015a). This temperature difference between the defective region and its sur-
rounding area is easily identified in some thermograms. The surface temperature of
the facade depends on a very large set of climatic variables (solar irradiance, inci-
dence of winds, shading, among others), and on the characteristics of facade ele-
ments (absorbance, thermal conductivity, surface texture, among many others).
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Thus, the delta-T detected on a facade may be different from that obtained in relation
to another, especially if there is heat flow differentiation.

The more detailed studies correlate the delta-T with the wall temperature gra-
dient (between the outer and internal surface) (Cerdeira et al. 2011), and show
correlations with numerical simulations (Taylor et al. 2014) and field measurements
(Edis et al. 2015). However, the results are still specific to the systems and con-
ditions of each study, since they depend heavily on specific exposure conditions. It
is, therefore, necessary to analyze the behavior of surface temperatures, gradients,
and the evolution of heat flow, to establish the criteria that can be used to plan the
inspection and subsequent analysis of thermograms.

Thus, this work discusses the most important variables for applying the tech-
nique and how the field conditions influence the results, contributing to the
applicability of thermography to study facades, by improving the accuracy of
the analysis and applying the definition criteria to identify the anomalies. The
methodologies found in recent studies to identify and quantify pathological mani-
festations in building facades using infrared thermography are presented. Also, the
results of laboratory and field experiments are used to establish appropriate criteria
to identify detachment in facades.

2 Thermography in Detection of Defects in Facades

The infrared thermography enables quick inspections (in real time), without contact
measurements, and from a distance. The infrared camera transforms the thermal
energy emitted by the surface of an object in the infrared range of the electro-
magnetic spectrum into a visible image (Madruga et al. 2010). Thus, the thermo-
gram allows identifying an entire temperature distribution in the various elements
that make up the facade.

To identify the anomalies, the analysis and the result do not depend only on the
characteristics, geometry, and depth of the defect. Objects in thermal or hygro-
scopic equilibrium cannot be investigated by thermography since the temperature
difference is required (surface temperature) for thermographic identification
(Barreira and de Freitas 2007). The intensity and direction of the heat flow through
the wall, inwards or outwards, determine the moment when the anomaly is visible
while appearing on the thermogram as the coldest or hottest zone (Fig. 1). The
temperature difference that identifies the probable anomalies arise from the flow of
heat that develops in the facade. The presence of defects such as voids, hetero-
geneities, and detachments locally modify the heat transport rate of the element or
material, which can be detected in the surface temperature (Bauer et al. 2014). Thus,
defects or anomalies can be identified by comparing the near or surrounding
regions. Important pathological manifestations that must be mapped in the
inspection can be detected, such as detachments, cracks, moisture, the presence of
occluded materials, structural elements, components of the facade, and internal
elements.
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In the case of detachment, the relatively small thickness of most of the coating
materials (5–10 mm) and the presence of air between the coating layers as a result
of loss of adhesion with the substrate (empty space) are two facts that enable the
study of this phenomenon. The presence of air in the voids near surface layers
creates a significant flow disturbance in the heat flow causing differences in the
surface temperature, which compared to a normal, defect-free neighboring area
allows identifying these anomalies in the thermogram (Fig. 1).

The moisture detection depends on the thermal properties of the material,
especially the specific heat capacity. The higher the specific heat capacity, the more
the energy is needed to heat or cool a particular material. Water has a specific heat
capacity higher than that of common building materials such as wood or brick.
Consequently, the water loses or gains heat slower than these materials in similar
conditions, causing the specific heat capacity of the wet material to increase. This
results in areas with high moisture content to appear warmer or cooler than the
surrounding structure (Kominsky et al. 2007). The moisture in porous materials
increases the thermal conductivity and decreases the thermal resistance, thus cre-
ating a kind of thermal bridge (Kylili et al. 2014). Another important point concerns
the water evaporation from the surface. Evaporation rate is higher or lower
depending on ambient temperature and relative humidity. It should be remembered
that the evaporation mechanism involves loss of energy at the surface (specific
enthalpy of evaporation) which causes a significant temperature reduction in the
wet surface. The identification of the moistened area becomes very difficult when
there is no evaporation. Furthermore, these complexities make it very difficult to
measure the moisture content by thermography, since the temperature distribution
captured by thermogram depends on a specific set of characteristics and properties
related to the condition of the target object studied. These conditions vary
depending on the degree of exposure of the studied object to the environment and
throughout the day (temperature and relative humidity).

Fig. 1 Thermographic inspection detail: a facade image; b thermogram obtained during the
heating up by the sun; c thermogram during cooling, without sunlight
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The identification of elements or components internal to the facade becomes
possible as long as there are differences in the thermal resistance between these
elements. The thermal resistance difference causes changes in the heat flow so that
the thermogram identifies regions with different surface temperatures. Therefore, a
proper analysis can identify internal elements that are colder or warmer than the
neighboring regions, depending on the direction of heat flow (heating or cooling).

Figure 1 illustrates these observations. Figure 1a shows a digital image of the
inspected facade with no observed anomalies. The thermogram of Fig. 1b shows the
heating up of the surface temperature due to the incidence of sunlight, with the heat
flow moving from outside to inside (direct flow). Region (A) shows a detachment
with higher temperature than the surrounding region. It is also possible to identify
the concrete structure (internal component), (B), where the temperature is lower
than the surrounding region at that time. It should be noted that as the heat flow
changes over time, the patterns observed in the thermogram also change. Figure 1c
shows the same facade during cooling and the heat flow is inverse (from the facade
to the environment). It is possible to identify the detachment region (A), which is
cooler than the surrounding areas. The internal components of the structure (B) are
identified by colder regions at this time.

It is observed that the visualization of the defect on the facade becomes either
easier or more difficult depending on the physical phenomena and particular con-
ditions. However, the identification and assessment of these phenomena is a
complex task due to the number of variables related to the material and the element,
the position of the element on the facade, and especially, the environmental con-
ditions that are involved.

3 Thermography Inspection Variables and Conditions

The infrared thermography requires great care while obtaining the data and ana-
lyzing the results due to the number of variables involved in measurements. The
failure in observing important points can lead to errors in the images, inaccuracies,
and misdiagnosis. The thermographer should be aware of this set of variables to
ensure the accuracy of the analysis and interpretation of results.

3.1 Thermographic Inspection Variables

There are two main groups of variables: those that depend on the equipment and
those related to the target object. In the case of variables related to the equipment,
the IFOV (Instantaneous Field Of View) and the resolution of the thermographic
camera are the most important. These variables define the scope of the thermo-
graphic inspection in relation to the size of the defect to be studied and the clarity of

Criteria for Identification of Ceramic Detachments in Building … 55



the image to facilitate its identification. The studies to identify defects in facades use
cameras with IFOV between 0.6 and 2 and resolution of 240 × 180 px (Edis et al.
2014a, 2015), 320 × 240 (Lerma et al. 2011, 2013), 640 × 480 px (Fox et al. 2014,
2015), and 752 × 480 px (de Freitas et al. 2014).

Emissivity, distance, and reflection are the most important variables related to
the target. The quantitative thermography requires the knowledge of the emissivity
of all the materials of the facade surface for an accurate assessment. The use of
tabulated data or data assumed to be identical between materials can lead to con-
siderable errors (Bauer et al. 2015b). Regarding the distance, Barreira et al. (2015)
reported no major differences up to 10 m, but concluded that the image clarity and
precision are affected, thus directly influencing the display of the defects. Reflection
is a major limitation in the field measurements (Edis et al. 2012). Construction
materials with very smooth and bright finishes reflect the infrared radiation of other
surrounding elements, leading to wrong temperature values in the thermograms,
and misinterpretation of the results. For these reasons, the thermographer should be
experienced and able to choose carefully the most appropriate position to acquire
the image (thermogram) and avoid reflections. This issue is very common in
assessments of building facades, especially when the measurements are conducted
under strong sunlight.

3.2 Conditions for the Thermographic Inspection

In addition to the variables involved in the measurements, the facade hygrothermal
conditions and behavior also help define when it is possible to perform the mea-
surements successfully. It is necessary to examine the incidence of solar radiation,
surface and environment temperatures, humidity, among other variables since the
heat flow depends on and affects these variables. The heat flow surrounding the
building is not static or constant throughout the day and depends largely on the air
temperature, the heating up by the sun incidence and the cooling down of the facade
(Bauer et al. 2014). In a thermographic inspection, how and when a particular
defect is identified depends on the direction and magnitude of the heat flow. Often it
is recommended that the thermographic inspections be conducted at the moment
when the heat flow through the facade is high, thus maximizing the surface tem-
perature differences (Cerdeira et al. 2011).

This analysis requires studying the solar trajectory to identify sun incidence and
shade conditions, which define the thermal flow and, consequently, the best con-
ditions to detect the anomalies.

The facades receive morning or afternoon sunlight depending on their cardinal
orientation. The building facade heats up under the strong sunlight causing a direct
heat flow moving from outside to inside. When the facade stops receiving the
sunlight, the heating process stops, possibly starting an inverse heat flow, from the
warm facade to the environment.
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Therefore, these different flow behaviors used to identify the anomalies in dif-
ferent directions, make it necessary to study both direct, and inverse heat flow to
define the testing criteria for each inspection. For these reasons, a previous analysis
of the predicted flow regimes on the facade throughout the day and night should be
performed previously. The use of hygrothermal simulation of the different facades
of the building is a very useful tool to define these flow conditions.

4 Thermographic Analysis for Identifying Detachments

The most important analyses used to identify anomalies with infrared thermography
are the visual difference in the thermogram (qualitative thermography) and the
delta-T (quantitative thermography). Recent studies have linked delta-T to the time
of day or heat flow parameters to identify and evaluate more precisely the defects.
The defects are identified from the visual differences in the thermogram. The color
differences (temperatures) in areas that in principle should be homogeneous are
warning signs of possible defects in the material or element (Fig. 1). The visual
differences in the thermograms allow identifying the cold and hot areas on the
facades of buildings, thermal bridges that result from the structural elements (beams
and pillars) or different materials (mortar, brick), and defects in insulation materials
(Larsen and Hongn 2012).

Martinez et al. (2013) used the infrared thermography as a nondestructive testing
technique and a complement to the visual inspection in areas of difficult access.
These authors detected moisture by locating areas of lower temperature in the
thermal image areas; these areas underwent local cooling effect due to water
evaporation. Furthermore, they detected cracks by observing the high temperatures
on both sides of the crack since heat transfer by conduction does not occur in this
area because of discontinuity in the material.

Kominsky et al. (2007) also employed thermography as a supplement to visual
inspection to identify moisture in ceramic brick and wood walls. The visual analysis
of the thermogram was the criterion for selecting the areas where the invasive test
using moisture meters was performed. They concluded that the qualitative infrared
thermography coupled to visual inspection, along with the quantitative confirmation
using moisture meters, is an effective procedure to detect anomalous humidity in the
building envelope.

Bisegna et al. (2014) compared the visual information and thermographic images
of a historic building in different years and could recognize the area that had been
repaired due to differences in the masonry texture. Furthermore, between the var-
ious materials, areas with cracks and lack of homogeneity were also identified.

Most of the studies on quantitative analysis use the delta-T as a defect identi-
fying parameter. The delta-T is given by the temperature difference between the
defective area and the regular area, i.e., without any defect. This parameter has been
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used as a preliminary tool to detect moisture in ceramic tile facades, being able to
detect moisture for temperature gradient values less than 0.5 °C (Edis et al. 2014b).
In this case, the results of infrared thermography, the measurement of surface
moisture, and numerical simulations showed that the higher moisture content of the
ceramics in some areas generally coincided with the highest surface temperatures,
when inspected after the sunset.

Laboratory studies conducted to detect detachments of plaster coats on facades
yielded values of about 2.5 °C (de Freitas et al. 2014). Also, field studies conducted
in Porto, Portugal showed that the maximum delta-T values were obtained at
12 h 30 min.

Another laboratory study evaluated the delta-T values for concrete slabs with
cubic voids and determined maximum values between 1.0 and 4.5 °C depending on
the defect depth and heating medium (Cheng et al. 2008). For a given defect size
(10 cm) and same heat flow intensity, the defects closest to the surface had higher
delta-T values. Voids were identified at a depth of 3 cm.

The analysis of these and other studies that used delta-T as a criterion to identify
defects leads to the conclusion that this parameter may not be the only criterion
used for this purpose since its value is strongly dependent on the relative conditions
of the environment (thermal flow) and the characteristics of the elements.
Therefore, the formulation of a defect identifying criterion requires the inclusion of
other parameters that help to quantify some extent, the environmental conditions, as
well as elements and component conditions.

More recent studies examine the defects from the perspective of the delta-T
behavior throughout the day, that is, how it evolves during the day. Fox et al.
(2015) analyzed the delta-T behavior at different moments to define the best
moments to detect the defects. Qualitative analysis of images recorded at 20–
30-min intervals showed that some sequential images were visually identical and
did not help to identify the thermal changes or patterns. These authors reported that
the temperature difference of the defects shown in consecutive images varied with
the construction type, indicating that no single interval would suffice to cover the
different situations. Therefore, it is necessary to introduce parameters that take into
account the wall dimensions and heat flow. There are studies that analyze the
temperature gradient between the facade interior and exterior and correlate it to heat
flow to study humidity and detachments of ceramic tiles (Edis et al. 2014a, b,
2015).

The thermal events inside defective and regular (nondefective) areas change with
time because heat dissipation is time dependent, among other variables associated to
the defects and materials. It is necessary to choose the most appropriate thermogram
(at a given moment) to identify and define the boundaries of the local defects. The
selection criteria are generally based on the thermogram with the highest thermal
contrast (TC). The contrast corresponds to the temperature difference between
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the faulty areas over the temperature difference of a regular (nondefective) area.
Maldague (2001) calls this contrast function “Thermal Contrast” (TC), which is
calculated by Eq. 1. It is noteworthy that the contrast is the temperature variation in
the defective area over the temperature evolution in the nondefective area.

TC ¼ Td tð Þ � Td t0ð Þ
Tnd tð Þ � Tnd t0ð Þ ð1Þ

where
TC “Thermal Contrast,”
Td tð Þ Temperature of the defective area at time t,
Td t0ð Þ Temperature of the defective area at time t0,
Tnd tð Þ Temperature of the regular, nondefective area at time t,
Tnd t0ð Þ Temperature of the regular, nondefective area at time t0,
t0 Initial time (beginning of cycle).

Nowak and Kucypera (2010) also used this contrast function to determine the
presence of materials hidden inside walls in a laboratory study. These authors
concluded that the TC is independent of the material tested, is dimensionless, and
oscillates around a constant close to one in the steady-state value. It is possible to
compare the results of various experiments, as it has been done by Bauer et al.
(2015c).

Vavilov (2014) used the contrast function “Thermal Running Contrast” (TRC) to
study the sensitivity and noise of the thermographic measurements. Basically, this
contrast function is obtained from Eq. 2 and it is determined originally in the
heating periods. The values are generated for each time and correspond to the
evolution of the delta-T (temperature in the defective region minus the temperature
in the nondefective region) in relation the evolution of the mean temperature in the
studied region.

TRC ¼ Td tð Þ � Tnd tð Þ
Ta tð Þ � Ta t0ð Þ : ð2Þ

where
TRC “Thermal Running Contrast,”
Td tð Þ Temperature of the defective area at time t,
Tnd tð Þ Temperature of the nondefective area at time t,
Ta tð Þ Average surface temperature in time t,
Ta t0ð Þ Average surface temperature at initial time t0,
t0 Initial time (beginning of cycle).
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5 Laboratory Study

5.1 Laboratory Experiment

For the experimental study, the specimen consisted of a mortar plate covered with
ceramic tiles. The base plate was previously molded in cement and sand mortar,
with a void created in the central area of the adhesive mortar to simulate the contact
fault between the base plate and the ceramic tiles. Figure 2 shows how the ceramic
tiles were applied on the base plate (Fig. 3).

The void (defective area) was approximately 40 mm wide, 155 mm long, and
2 mm thick totaling about 25 % of the total area of the tile. The ceramic tiles A and
B are 4.0 and 7.5 mm thick, approximately. Figure 2 shows the specimen
dimensions.

Fig. 2 Placement of the ceramic tiles with central defect

Fig. 3 Specimen developed
for the laboratory test
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The specimen was subjected to a heating and cooling cycle in the laboratory,
using a set of three infrared lamps of 250 W. The lamp set was positioned at a
distance of 0.90 m. The heating period had a duration of 80 min, followed by the
cooling down when the lamps were switched off. The cooling period had a duration
of 85 min. The results presented are the average values obtained after three heating
and cooling cycles (Fig. 4).

The parameters to be inserted into the infrared camera were measured for each
cycle: ambient temperature, relative humidity, and the apparent temperature
reflected by the corrugated aluminum method, following the procedure described in
(ASTM E1862-97 2010). The emissivity was determined by comparison with the
standard tape according to procedure (ASTM 1933-99 1999). The obtained average
values were 0.95 and 0.93 for the mortar plate and ceramic tiles, respectively.

Thermograms were collected every 4 min with an infrared camera model FLIR
T400, with a temperature range varying between −20 and 120 °C, 2 % accuracy,
the spectral range from 7.5 to 13 μm, 320 × 240 pixels resolution, 25° lens, and
1.36 mrad IFOV.

Three behaviors were studied during the heating up and cooling down cycles,
temperature (of the defective and nondefective areas), delta-T (between the
defective and nondefective regions), TC, and TRC.

5.2 Results of the Laboratory Studies

Figure 5 shows the temperature evolution of the defective and nondefective areas
for both tiles (A and B). It can be seen that the temperature evolution curves are
similar in all four cases. Figure 5b shows the delta-T obtained in both phases. The
delta-T originates from the thermal resistance difference between the defective area
(empty space, air) and the surrounding area. Note that during heating, the tem-
perature of the defective area is greater than that of the regular area from the
beginning of the experiment, yielding positive delta-T values. At the start of the
cooling process, the temperatures of the two areas decreased, and within 90 min,
the values became the same. Subsequently, the temperature of the defective area

Fig. 4 Laboratory setup of
the heating and cooling
experiment

Criteria for Identification of Ceramic Detachments in Building … 61



was lower than that of the nondefective area, with a negative delta-T, and an
absolute value lower than that of the heating step.

It can be seen that the delta-T is higher for the thinner ceramic tile, B. This same
behavior is seen in the cooling stage, although to a lesser degree. In this case, the
delta-T (in absolute value) was also higher for the B ceramic tile. This behavior
during the heating and cooling phases is similar to that reported in other laboratory
studies (Freitas et al. 2014).

It was observed that the delta-T decreased over time during the heating
and cooling phases (Fig. 5b). During heating, the temperature increase causes
the thermal resistance of the air layer in the defect to decrease, thus decreasing the
delta-T between the defective and nondefective areas, as well. During cooling, the
delta-T was smaller, and in this phase, the heat flows due to dissipation of the heat
in the plate, thus decreasing flow rate over time.

The thermograms of Fig. 6 show a clear difference between tiles A and B. Tile B
allows better visualization of the defective area at all times, except for the thermal

Fig. 5 Heating and cooling cycles. a Evolution of temperatures in the tiles’ regions; b delta-T
evolution

Fig. 6 Thermograms obtained at different times during the cycle

62 E. Bauer et al.



image at 90 min (for cooling), which shows identical temperatures in the defective
and nondefective areas (Fig. 5a, b). It is interesting to note that the delta-T criterion
identifies less clearly the defect in the cooling phase. Accordingly, the thermogram
that shows the highest cooling delta-T at 100 min has similar visualization of the
defects. On the other hand, the visualization of defects is already differentiated in
the 120-min thermogram. This result shows that applying the delta-T criterion alone
to identify the defects is inconclusive.

The analyses of TRC (thermal running contrast) and TC (thermal contrast) are
shown in Fig. 7. The cycles were separated in the heating (7a) and cooling (7b)
stages, and analyzed independently.

The TRC evaluates the delta-T response as a function of the average temperature
variation of the tile. Thus, in the heating stage, the TRC increases as the delta-T
increases quickly at the start of heating (proportionally to the increase of the
average temperature of the tile). In practical terms, this means an increase of defect
visibility condition. Figure 7 shows that this happens at the beginning, about
5–10 min into the cycle, for both tiles. This is how long the delta-T required to
reach its maximum value, as shown in Fig. 5b. As delta-T becomes stable and
decreases after this time (Fig. 5b), TRC reduces gradually until the end of the
heating phase. The difference between the TRC of the tiles is directly correlated to
the delta-T difference as shown in Fig. 5b. To this end, Fig. 6 shows that the defect
is much sharper in ceramic B at 80 min (final heating), coinciding with the data at
the end of heating (Fig. 7a).

In the cooling stage (Fig. 7b), the direction of delta-T is inverse (decreases).
Assuming t(0) as the time when the temperatures become the same during cooling,
a strong contrast enhancement is also observed due to the decreasing delta-T.

Fig. 7 Running thermal contrast (TRC) at a heating and b cooling. Thermal contrast (TC) at
c heating and d cooling
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Figure 5b shows that delta-T drops steeply in the first 5–10 min of the cooling
stage, thus increasing the TRC value. The heat flow in the system (the cycle change
from heating to cooling) seems to allow identifying more clearly the variation of
delta-T. At this time (5–10 min), the TRC values peak in both tiles (A and B) due to
the decreasing temperature of the specimen with cooling. However, TRC peak
values were significant for both tiles. It is also observed that tiles A and B displayed
very similar trends in the rest of the cooling cycle, with a gradual reduction of
delta-T and TRC, which was always higher for ceramic B (thinner).

The TC evaluates other aspects. The initial temperatures in the defective and
nondefective areas are analyzed. It is observed in the first reading that the contrast is
higher than 1 for both heating and cooling stages (Fig. 7c, d), which also seems to
associate with the delta-T. The TC peaks and the highest absolute delta-T value
occurred at the same time. As the delta-T dropped in the heating phase, TC also
tended to drop. Similar behavior was observed in the cooling since delta-T drops by
cooling. The fact that TC approaches 1 at the end of the cycles shows that it
becomes more difficult to visualize the defect, since the temperature difference
between the defective and the regular areas becomes smaller.

The defects are best visualized at TC and TRC peak, i.e., at the start of heating
and cooling. The type of defect in the specimen greatly affects the observed
behavior. The defect manufactured into the specimen was a relatively large dis-
continuity (25 % of the area of the sample), constituting an empty air space capable
of inducing some peculiar behavior, which is also observed in facade inspections.
The decrease of delta-T during the warming up is one difficult aspect in the iden-
tification and interpretation of defects by thermographic analysis. Both TRC and
TC contrast functions showed that the best time to identify defects is at the
beginning of heat flows (either heating or cooling). It is noteworthy that the contrast
functions peak at times when the surface temperature increases or decreases rapidly
(areas with and without defect), which indicates that the facade defects are best
visualized at moments when surface temperatures increase or decrease more
intensely.

It was also observed that the geometrical aspects, such as the thickness of the
ceramic tiles, affect heat flow, which obviously influence the heating and cooling
patterns, requiring attention when executing thermographic inspections of facades.

6 Field Study

The field study was conducted in a building in Brasília, Brazil (Fig. 8). The studied
facade was east-oriented with visible detachments. However, the studied area had
no visible detachments since the objective was to evaluate the suitability of ther-
mography in defect identification. The facade received direct sunlight during the
morning, with no building or element nearby that could cause reflection problems in
the thermal imaging. The same infrared camera was used in the lab and field study.
The thermal imaging was performed hourly, from 8:30 to 18:30, to analyze delta-T
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behavior and the contrast functions under the effect of direct solar radiation and
after sunset. The camera parameters related to the temperature and relative humidity
were set before each image. The reflected apparent temperature was determined by
the aluminum corrugated blade method, according to the standard procedure
(ASTM E1862-97 2010).

Figure 8 shows the digital image of the studied facade. The red-dotted line
shows the study area (sample). It is noteworthy that in this area, it is not possible to
visualize detachment by visual inspection only.

Figure 9a shows the temperatures of the areas with and without defects.
Figure 9b shows the delta-T values for each analyzed time.

The highest delta-T values are observed in the early morning (8:30) when the
temperature rises intensely under sun exposure (Fig. 9b). From that moment on, the
delta-T decreases until noon. Similar behavior was observed in the laboratory study
when the rising of the temperatures slowed down in the defective and nondefective
areas. Then, the delta-T decreased significantly. This fact indicates that it is nec-
essary to conduct a preliminary study to determine the building temperature profile,
which is orientation dependent, to indicate the likely time of maximum delta-T.

Fig. 8 Digital image of the facade showing the study area

Fig. 9 Temperature analysis of the facade. a Evolution of temperatures in defective and
nondefective areas; b delta-T evolution
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Figure 10 shows that the defects were better visualized in the early morning
(8:30) and late afternoon (18:30). The maximum delta-T value in the cooling step
did not appear instants after reversal heat flow (Fig. 9b). In this case, the maximum
value appears in the late afternoon, when the differences in temperature between the
outside and the inside of the facade are greater. The different behaviors observed
between the laboratory specimen and the facade are due to the wall dimensions
compared to the specimen (tile), and the fact that the facade is exposed to a
changing external ambient temperature. The flow reversing process takes longer
because the thermal inertia of the thicker wall is greater and the defect takes longer
to appear. The decreasing external temperature causes the heat flow to move from
inside to the outside of the building at higher rate in the late afternoon, causing the
delta-T value to keep rising.

The main source of heat on the facade is the sun, which stops shining on the
facade at 12:10. Therefore, the defect no longer appears in the thermal image at
12:30 as shown in Fig. 10.

7 Conclusions

The results and the above considerations allow the following conclusions:

• The use of passive thermography to define and identify a defective area in a
building subjected to different solar incidences is complex and requires an
approach associated with the heat flow, especially regarding its direction (direct
or inverse);

• Delta-T alone is not a consistent criterion to identify the anomalies since it
depends on the characteristics of the defects (geometry, wall thickness) while
the heat flow is directly dependent on the sunlight;

• To study the evolution of the temperature along the day is inappropriate as
inspection technique, due to the complexity of the analysis. The results suggest
that the thermograms should be obtained at times when the TC is maximum.
This period coincides with the beginning of the heat flow, direct (heating) or
inverse (cooling).

• The heat flow should be studied previously (before inspection) by analyzing the
solar charts or by thermohygrometric simulation. The obtained information is a

8:30 12:30 18:30 20°C

40°C

Fig. 10 Thermograms of the facade study area obtained at different moments
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valuable tool to detect the moment of maximum contrast. Thus, it becomes
possible to establish a reference inspection methodology based on thermo-
graphic inspection at times when the visualization of the defects is maximized.
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Diagnosis of Moisture Movements
in Massive Dolostone Walls
of Medieval Churches

Lembit Kurik, Targo Kalamees and Urve Kallavus

Abstract The current study presents one of the dielectric methods, reflection of the
microwaves from material, used for diagnosis of moisture content of massive
dolostone walls in Estonian medieval churches. Cold and humid climate, porous
materials, absence of rainwater pipes, absence of waterproof layers avoiding rising
damp leads to moisture damages in massive walls. The problem is relatively
complex and cannot be modeled easily due to inhomogeneity and complex shapes
of walls. Therefore, main tool for diagnostics is determination of the distribution of
moisture in walls and its change over the time by moisture content measurements.
The microwave method for determination of moisture content in massive walls is
nondestructive and therefore very suitable for the diagnostics of moisture problems
in buildings of national heritage importance. Graphically presented results are easily
readable even for a nonspecialist and expedite significantly analysis of problem.
Measurements of moisture content of walls in medieval churches with different
measuring heads during different seasons were carried out over a 10 year period.
Seasonal and long period changes of moisture content were analyzed.
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1 Introduction

Moisture damages in unheated medieval churches in the island of Saaremaa
(Estonia) have been a problem for centuries. Various biological, chemical and
mechanical processes related excessive water (see Fig. 1) in and on the walls have
destroyed most of wall paintings, caused much damage to plaster (see Fig. 2).
Frequently applied various face-lift and repair works lack desired results since the
causal factors were not eliminated.

Figure 3 illustrates the sources of excessive water, movements of moisture in the
walls and between the walls and surrounding environment.

Even though the walls may be protected from water poured from roof or driving
rain, moisture content remaining in walls may still cause damages. Therefore,
together with moisture mapping appearance of different damages on interior sur-
faces were surveyed. As an example, the degradation process caused by salt

Condensed water on the top of algal growth
(Kaarma Church)

Salt precipitation and algal 
growth (Püha Church)

Ice formation on walls (Pöide Church) Pink bacteria and algae on 
window sill (Muhu Church)

Fig. 1 Events of damages
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(KNO3) efflorescence in the test-field occurred over the 10 years in Kaarma church,
is presented in Fig. 4.

In 2005, a long period measurements of moisture content of the walls in
Kihelkonna and Kaarma Churches (island Saaremaa) were started.

Microwave aquametry was chosen from a large set of measurement methods
(Derome et al. 2001) because it is harmless to object, allows measuring of moisture
content deep inside of the walls, and has low sensitivity toward dissolved salts. The
measuring process is relatively quick thereby making mapping of moisture content
in large wall surfaces easy. The above-mentioned method was first introduced
shortly after the World War II and has been developing constantly (Okamura 2000).

Fig. 2 Partially damaged wall paintings in Muhu (left) and Valjala (right) churches

Fig. 3 Moisture movements
in walls of medieval churches
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Unfortunately, this method allows measuring only liquid water what is free. Other
methods should be additionally used to examine the bound water layers present in
porous wall materials and also crystal water in salts. Perspective for this task
options are Nuclear Magnetic Resonance (NMR) and dielectric spectroscopy
methods (Senni et al. 2009; Capitani et al. 2009; Di Tullio et al. 2010), what are not
easily put into field measurement practice.

Sometimes absolute values of moisture content are required. Carrying out such
measurements is not an easy task since analyzed objects are far from being
homogenous (different materials, cavities, metal pieces and wires present in walls),
wall surface is usually uneven, calibrating is relatively complex and gravimetric
control measurements are prohibited due to heritage protection requirements.

In many cases obtaining so-called “moisture maps” of the surface is enough
informative for understanding nature of moisture displacement and sources.
Furthermore, observing changes in time-lapse moisture maps taken from the same
site yields in valuable information about the behavior of old stone wall. In several
papers moisture maps of churches walls have been presented, but for the single
moments only (Capitani et al. 2009; Larsen 2004; Curteis 2004). Present study
analyzes results of long-term moisture content measurements carried out in several
quite similar churches. These results allow making some general assumptions.

2005 2006 2007 2008 2009

2010 2011 2012 2013 2014

Fig. 4 Test field for the determination of behavior of lime paint in the presence of the salt
efflorescence (Kaarma Church)
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2 Method

2.1 Method for Moisture Measurement and Presentation
of Results

2.1.1 Theory

It is a well-known fact that the dielectric permittivity of water is much higher than
the permittivity of most building materials (correspondingly 80 and 4–8). The
simplest model for wet material is a case, where water fills spherical pores in the
main material. For this kind a simplified two-phase system effective dielectric
permittivity of wet material eeff is possible to calculate according to Maxwell
Garnett formula (Garnett 1904; Sihvola 2005):

eeff ¼ �m þ 3f em
ew � em

ew þ 2em � f ew � emð Þ ;

where f—volumetric water content, ew—water dielectric permittivity, em—dry
material dielectric permittivity. For known materials according to this relationship
is sufficient to measure eeff to determine water content in the material.

Microwave moisture measurement method utilizes hereinbefore described rela-
tion and fact that microwave reflection coefficient depends directly on dielectric
permittivity of the material, Fig. 5. It means that amplitude value of reflected
microwave signal contains information about water content of material.

This method is applicable only at temperatures above 0 °C and it is not possible
to measure crystal water in salts, also the *2…3 molecules thick water layers
adsorbed in the pores of the building materials. Temperature and size of pores
affects the results in some extent (Kaatze 2005).

Fig. 5 Relationship between the dielectric permittivity of material ε and microwaves reflection
coefficient Γ (left) (Agilent 2005) and temperature dependence of dielectric permittivity of water
and ice at 2.45 GHz (right, calculated on the basis of Kaatze 2005)
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2.1.2 Instruments

In this study, we used a handheld moisture meter “Moist 200” with surface and
volume type measuring heads: Moist R (measuring depth up to 3 cm, measuring
volume 20 cm3), Moist R2 M (7 cm, 150 cm3), Moist DM (11 cm, 2 l), Moist P
(30 cm, 10…15 l) and Moist D (80 cm, 40…50 l). Figure 6 shows maximum
penetration depths for microwaves and measuring volumes for the different sensor
heads (according to producer datasheets). More detailed information about this
method and measuring hardware is presented in Göller et al. (1999) and Göller
(2001).

2.1.3 Presentations of the Measurements

For getting easily readable and usable data to help building moisture conditions
diagnostics, mainly raster measurements with steps 1 × 1 m on external wall were
used. First, moisture index was measured and then, moisture content was calculated
(according of the calibration curve). Measurement results are presented as a map of
the moisture distribution, Fig. 7. Colors on the map indicate gravimetric moisture
content W values with steps of 2 % (on dry material bases). Numbers on the left

Fig. 6 Handheld moisture meter Moist 200 (left) with measuring heads and their penetration
depths (right)
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side of chart are average moisture content values at different levels from the floor
and average moisture content for the entire wall.

Mainly for all figures in this paper the same color steps and measurement raster
1 × 1 m are used. Very informative is presenting moisture content measurement
results on a 3D model. In that case, all measurements of the building are in the
single easily rotated and zoomed package, Fig. 8.

2.2 Buildings Under the Survey—Medieval Churches
in Estonian Islands

Microwave moisture measurement method was used in islands of Saaremaa and
Muhumaa in medieval churches that are built mainly in thirteenth and fourteenth
centuries (see Fig. 9). They all have complicated history—survived from
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Fig. 7 Typical result of the moisture mapping. Measuring steps—1 × 1 m. W—moisture content,
% (left). Measurement in practice (right)

Fig. 8 Moisture content maps of the Pöide Church presented on the cross-cut of the 3D model of
the church (model created with Google SketchUp)
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Kihelkonna 
St. Michael's Church, ~1250

Kaarma Church of Saints Peter and Paul, ~1270

Pöide St. Mary Church, ~1270 Püha St. James Church, ~1350

Muhu St. Catherine's Church, 1267 Valjala St. Martin Church, ~1227

Fig. 9 Medieval churches under the investigation
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Reformation, several wars, rich, and poor periods. Nowadays they have been
obtained great historical value. Valjala Church is probably the oldest preserved
church in Estonia.

Main building material of all of these medieval churches is porous Kaarma
dolostone and local dolostones, quarried from the local stone-pits nearby of the
each church Fig. 10.

Estonian dolostone porosity varies from 8.3 to 25 % (Trikkel et al. 2012).
Information about widely used Kaarma dolostone is presented in Table 1. For
comparison information for Lasnamäe limestone is added—traditional building
material for historic buildings in Northern Estonia. A big difference in water
absorption properties of these stones explains much bigger moisture damages of the
buildings in dolostone region.

In order to get a better idea about moisture behavior in walls of unheated
churches, parameters of indoor climate of the building must be known. For the
typical church under investigation—changes of indoor climate of a typical church
Muhu are displayed on Fig. 11.

One can clearly see that parameters of indoor climate of this church are ominous
for the building itself and people inside it. Relative humidity is very high and

Kaarma dolostone Local dolostone Coquinoid limestone

Fig. 10 Main building material in churches of Saaremaa, well workable Kaarma dolostone and
local building stones

Table 1 Moisture linked properties of traditional building materials for western and northern
Estonia

Material Density
(kg/m3)

Porosity
(%)

Water absorbency
(%)

CaO
(%)

MgO
(%)

Kaarma
dolostone

2220a

2080–2290c

1960–2240b

21.9a 8.9a

8.9c

Up to 10.4b

26–31c 14–20c

Lasnamäe
limestone

2650a

2590–2760c
2.6a 0.9a

1.0–1.9c
45–46c 4–7c

ahttp://www.lossikivi.ee/index.php?a=lasnamae&lang=eng, last accessed 28.10.2015
bBased on measurements of samples of Kaarma dolostone
cPerens, H. 2003, Paekivi Eesti ehituses I. Üldiseloomustus. Lääne Eesti, Eesti Geoloogiakeskus
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reaches 100 % quite often. This means that the important source of moisture in
walls is condensed water.

3 Results of Measurement

High porosity of dolostone, rough building stones and large gaps between them
may cause risk for high moisture content in walls: over 10 % humidity by mass or
over 20 % humidity by volume. Usually this risk also realizes resulting extensive
moisture damages. In order to work out solutions for renovation, one needs to know
the origin and movement of water. In the following we describe how we can
determine this by using microwave aquametry.

3.1 Detecting Moisture Sources

Movement of moisture from the basement upward was detected in almost all
measured walls. Origin of this water is mainly rainwater from the roof and rising
damp from foundation, Fig. 3. At the bottom of the wall moisture content is very
high—building material is nearly saturated with water. If only rising damp is
present, then in higher levels (from 2 or 3 m and up) moisture content is low,
Fig. 12.

In complicated cases, there are several water sources, see Fig. 13.
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Fig. 11 Indoor climate in 5 year period of Muhu St. Catherine’s Church, typical for all unheated
dolostone churches in Saaremaa—very high relative humidity, long time negative temperatures at
winter period (excl. year 2015)

78 L. Kurik et al.



0

1

2

3

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

h, m

W, %

l, m

10.06.2013

14.0-16.0 12.0-14.0 10.0-12.0 8.0-10.0 6.0-8.0 4.0-6.0 2.0-4.0 0.0-2.0

northern wall of the nave

0.4

0.0

3.3

6.1

W avg, h, %

W avg =        %2.4

Fig. 12 Typical picture of rising dump, Muhu Church, measuring depth up to 30 cm (up).
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3.2 Long Period Moisture Changes in Walls of Kihelkonna
Church

Moisture movement out of massive walls is slow and depends on many factors:
outdoor and indoor climate, moisture conditions of soil, restoring and conservation
works etc. In some of the churches moisture mapping has been done over many
years. In Kihelkonna Church, we started measurements already in 2005 to deter-
mine the initial conditions before the start of conservation works. For this church,
we have the longest time series of moisture measurement of walls.

Southern wall of the choir Fig. 14 was in the second part of 2005 restored and
partly newly plastered. By time outside ground level became too high relative to
church basement level. To decrease the level of ground water covered by tent ditch
was excavated around the church. Moisture content of the wall from May 2005 to
October 2015 are presented on Figs. 15 and 16. We do not see major changes, only
moisture content at higher levels from the ground was substantially decreased. On
the levels below the covering moisture situation stayed practically the same. There
was no positive effect from the temporary ditch.

Fig. 14 Southern wall of Kihelkonna Church from inside and outside (on the right side covered
ditch is visible)

Fig. 15 Timelines of average moisture content of the southern wall of the choir at different levels
from the ground
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24.05.2005 18.08.2006

9.08.2007 10.09.2008

22.10.2009 07.07.2010

06.10.2011 15.08.2012

14.06.2013 07.08.2014

14.10.2015 Measuring place

W, % 14.0-16.0 12.0-14.0 10.0-12.0 8.0-10.0 6.0-8.0 4.0-6.0 2.0-4.0 0.0-2.0

Fig. 16 Moisture maps of the southern wall of choir in Kihelkonna Church, measuring depth up
to 30 cm
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The nave walls of the church was covered with cement-based plaster and
wooden panels that were removed during conservation works in 2005. Left upper
graph in Fig. 17 presents the situation in the beginning of conservation works.
Initially, the wall was very wet. Due to the restoration activities the situation
became clearly better (see Figs. 17 and 18).

24.05.2005 18.08.2006 16.10.2007

10.09.2008 22.10.2009 7.07.2010

6.10.2011 15.08.2012 14.06.2013

7.08.2014 15.10.2015 Measuring place

W, % 14.0-16.0 12.0-14.0 10.0-12.0 8.0-10.0 6.0-8.0 4.0-6.0 2.0-4.0 0.0-2.0

Fig. 17 Moisture distribution changes in northern wall of the nave in the Kihelkonna Church
(moisture content measuring depth up to 30 cm)
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Moisture content maps made at the same time were placed on the 3D model of
the church to understand better moisture problems in the church. Presenting
moisture content changes over the times it is possible present moisture maps for
different time moments at the different layers of model by changing visibility of
layers in 3D model (Fig. 19).

3.3 Seasonal Changes

Long period measurements revealed clear fluctuations in moisture content. Main
reason for that were seasonal changes in moisture content of the walls. Moisture

Fig. 18 Decrease in moisture content in wall on the levels up to 5 m from the floor level after
conservation works in 2005 in Kihelkonna church

Fig. 19 Moisture content maps of the Kihelkonna Church presented on 3D model of the church
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content changes throughout the year in northern wall in the nave in Püha Church
(typical for moist Saaremaa churches) are presented on Fig. 20. Most of the
moisture settled typically in lower part of the wall with maximum in the middle or
second part of the summer. For this period, a lot of water was accumulated into the
walls. Later, temperature of the walls stayed quite stable and little warmer from the
outdoor air temperature. Moisture content started to drop and reached minimum in
winter. Due do the condensed and hygroscopic water the moisture content maxi-
mum for the higher parts of the walls was at springtime. Higher parts of the walls
started to warm earlier and moisture levels dropped in summer. When overall
moisture content was low, then the maximum was in spring or in first part of
summer, Fig. 20.

Not always the changes in seasonal moisture content were similar to the pre-
viously represented data of Püha Church. In another church, Kaarma, the maximum
water content in southern wall of choir was typically achieved in October.
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Fig. 20 Seasonal moisture content changes in the wall on the different levels from the floor
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The primary reason for it was direct rainwater leakage from outside at rainy days.
Usually this wall maintains low water content (Fig. 21).

3.4 Influence of Tent (Awning)

In Sect. 3.2, we showed that temporary awning is not good for the wall health. It is
not always so. In Pöide Church beside of the northern wall about 15 years old
temporary awning is located. This awning reaches far from the wall and may be this
was a reason why on that level inner side of the wall was dry (see Fig. 22). Awning
what was originally built for the protection of ongoing archeological excavations,
served as well for the protection of church health.
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Fig. 21 Average moisture content of the southern wall in choir of the Kaarma Church is low
(*2 %), but sometimes peaks up
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3.5 Three-Dimensional (3D) Measurements

Using sensor heads with different penetration depths gives us possibility to
investigate moisture distributions in several depths of the wall. Table 2 presents that
kind of measurements in Püha Church what were carried out over two years period.
Inside of this wall in the depth more than *10 cm are two quite stable wet spaces.
On the same level the surface mold was developing. It is quite difficult to under-
stand, why such kind localization was realized for the mold development, because
in the surface layer of 3 cm thickness measured moisture distribution was different.
Placing measuring sensors on rough wall surface can produce incorrectly inter-
preted results. Better results could be achieved by combining data from different
sensors. In some complex cases the only option is to carry out measurements in a
hole drilled into wall. The last is not well acceptable by heritage administrators.
Therefore, interpreting results of 3D measurements needs further analysis.
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Fig. 22 Moister content is low under the temporary awning (from the year 2000) covering the
ongoing archeological excavations
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4 Conclusions

Moisture content assessment by the reflection of the microwaves is informative and
not very laborious task to receive large number of data to draw maps of moisture
content distribution in the walls. This method is very suitable for diagnosing nature
of the moisture problems of buildings with high value for national heritage. Results
presented as 2D moisture distribution maps are easily readable even for a non-
specialist and expedite significantly analysis of problem. More complex and easier
understandable for everyone is the way to present all 2D moisture maps of a
building on the 3D model of the building.

Table 2 3D moisture distribution in northern wall of the Püha Church

Measuring depth

Time Up to 3 cm* Up to 7 cm Up to 11 cm Up to 30 cm Up to 80 cm

14.08.12

07.11.12

20.02.13

9.05.13

05.07.13

08.11.13

06.08.14

15.10.15

* only moisture index for this sensor head was used (calibration problems with this sensor)
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Periodically repeated measurements (with different measuring depth—up to
80 cm) over 10 year period in medieval churches in Estonian islands allowed to
analyze seasonal and long period changes of moisture content in walls. At winter
period, walls were typically dry. Maximum water content at low heights was
achieved on the second half of summer and at higher levels on May. Based on long
period measurements it was possible to reveal the effect (good, bad or neutral) of
the restoring works for the health of building.
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The Wind-Driven Rain and the Buildings:
Directional Driving Rain, Experimental
Simulation and Quantification
of Wetness Areas
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Angela Borges Masuero and Acir Mércio Loredo-Souza

Abstract The theme involving the driving rain has been the subject of various
studies that seek to contribute to the understanding of this phenomenon and its
interaction with the buildings. In this sense, research discusses some aspects related
to driving rain, such as the development and application of a methodology for
quantifying wetting areas on models exposed to experimental driving rain, and the
determination to the direction of the driving rain, in Porto Alegre city—Brazil,
through the use of semi-empirical method, more specifically, a wind-driven rain
relationship formula. The findings of this study demonstrate that the building
facades oriented to the East/South quadrant have higher incidence level of driving
rain, considering the Porto Alegre City-RS-Brazil. Furthermore, considering the
application of the methodology, it was found, based on the images obtained in the
experimental tests that both the building shape and the surroundings influence the
degree of driving rain wetting on the models facades. In this way, the model with a
square base and without surroundings showed the least amount of wet area when
compared to the others.
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1 Introduction

The water from the driving rain is the most important source of moisture as it affects
the hygrothermal durability and performance of the facades of the buildings
(Blocken and Carmeliet 2004). In this sense, also, the weather resistance design of
building facades requires adequate knowledge on the wind and rain environments
around the building (Choi 1993).

Currently, several studies have sought to identify and measure the contribution
of the wind-driven rain in the emergence of pathological manifestations in buildings
(Robinson and Baker 1975; El-Shimi et al. 1980), since it is considered by many
authors as the main source of external moisture acting on the facades of a building
(Blocken and Carmeliet 2004; Straube and Burnett 2000). Choi (1999), identified in
their study that originated pathological manifestations of rainwater have been, for
some time, recognized as the main problem in maintaining the buildings.

Thus, the proper design of building facades requires that personnel involved has
adequate knowledge about the behavior of the wind and the rain, for example,
information about the wind velocity, rainfall intensity, droplet size, and duration of
the rain event on the building (Choi 1993, 1994a b). Other authors, beyond these
parameters, consider that the amount of driving rain that falls on the facades is also
influenced by other factors such as the position the building facades, the building
geometry, the geometrical configuration of panel types; the material properties and
surface characteristics, topography of site, among others (Choi 1994; Blocken et al.
2002; El-Shimi et al. 1980).

The study of driving rain in civil engineering is divided basically into two parts:
the measurement loads of driving rain and the study of the building response of
these loads (Blocken and Carmeliet 2004). Regarding the quantification of driving
rain, three main methods are available: experimental methods, numerical methods
and semi-empirical methods (Blocken and Carmeliet 2004). This work will initially
employ a semi-empirical method, followed by the analysis of the experimental
method developed by Poyastro et al. (2012).

The quantification methods of driving rain called semi-empirical, relation basi-
cally, data concerning winds with those related to rain, this information usually
comes from weather stations that provide speed and wind direction data in con-
junction with the precipitation information. These methods emerged from the need of
knowing the level of exposure of facades related to driving rain, through the estab-
lishment of relationships between rain and wind data (Blocken and Carmeliet 2004).

Several studies have attempted to develop methods for quantification of driving
rain, the basic difference between the wind-driven rain index and the wind-driven
rain relationship is that the last one considers the direction that the rain reaches the
vertical plane of the wall. All methods of quantification of driving rain are based
directly or indirectly in the wind-driven rain index (Blocken and Carmeliet 2004;
Freitas 2011). Some studies have been published with the driving rain index of
different countries (Chand 2002; Giarma and Aravantinos 2011; Sahal 2006;
Pérez-Bella et al. 2013).
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Several authors have proposed equations for the wind-driven rain relationship. Freitas
(2011) identified in his work that there are several semi-empirical methods to evaluate
the amount of driving rain, and this leads to great difficulty in deciding the most
appropriate model for each query. In this work it was used the Rydock method (2006)
allowing comparisons to other studies conducted in Brazil, such as the Giongo (2007),
Melo Junior (2010) and Heerdt and Back (2013).

From the identification of the preferred driving rain direction incidence in Porto
Alegre, through the Rydock method, the facades considered in the experimental
tests will be precisely those who receive greater addressed rain index. In this regard
it should be emphasized that no study was developed in order to identify the
wind-driven rain relationship for Porto Alegre city, using this specific method
proposed by Rydock (2006).

Thus, the results of the tests made by Poyastro et al. (2012), have been analyzed
by using image processing software, in order to measure the extension of the wetted
facade, for each building section and each setting of its immediate surroundings.
A detailed description of the tests and their settings can be found in Poyastro et al.
(2012; Poyastro 2011).

Important to emphasize that the measurement of these areas, until then, had not
been realized, due to the almost complete lack of published experimental tests with
driving rain in wind tunnel (Poyastro et al. 2012; Inculey et al. 1994; Rupp 2010),
especially considering the recent years, where technology involved in the pro-
cessing and image processing allows us to make a quantification very close to the
wind-driven rain affected and protected areas in buildings facades.

The problem of quantifying the areas affected by driving rain in experimental
environment was one of the gaps presented in the work of Inculey (Inculey et al.
1994). In this sense, the use of processing and treatment software has helped in the
development of different researches in the civil engineering field, mainly related to
the analysis of the microstructure of cementitious materials (Bernal et al. 2010) and
in the studies where analyzes interfacial contact between mortar and substrate (Stolz
and Masuero 2015).

2 Methodologies

The method adopted to estimate the driving rain is based on the definition of the
driving rain index and was developed by Rydock (2006); it consists in the Eq. (1)
below

I0 ¼ 0:206
Xbþ 80�

D¼b�80�
RD:VD cos D� bð Þ ð1Þ

Where I0 is the driving rain index for vertical wall (mm/year), RD is the average
annual rainfall in the direction D (mm), VD is the average annual wind speed in the
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direction D (m/s), D is the wind direction in degrees from north (D°) and β is the
angle between North and the direction normal to the wall (β°).

The data used in this analysis were provided by the Meteorological 8th District,
located in Porto Alegre, RS, Brazil, and, encompassed the years 2001–2012,
considering hourly information as rainfall (mm), velocity (m/s) and direction
wind (D°).

In a second step, the quantification of rain was addressed through analysis of
images of experimental tests developed by Poyastro (2011), according to the
configurations shown in Fig. 1, with three different base shapes of building (square
base, cross-shaped base and H base) and three different settings surrounding area
(without buildings, buildings with half the height of the model and with buildings
of the same height of the model evaluated).

With respect to experimental tests, the height of the evaluated building models
was 46 m, which corresponds to approximately 16 floors. To the surrounding
buildings, heights of 23 m and 46 m were used, roughly corresponding to 8 floors
and 16 floors, respectively. These heights correspond to half-height and the same
height of the buildings studied.

The distance considered in real scale of buildings, around each other and of the
surrounding buildings with the main building was 15 m. The tests were performed
in Joaquim Blessmann Wind Tunnel of the Building Aerodynamics Laboratory
(LAC) of Federal University of Rio Grande do Sul (UFRGS). This wind tunnel
allows simulation of the main characteristics of natural wind (Poyastro et al. 2012).

The evaluated models were produced at 1:150 scale, in white acrylic. The scale
models of the surroundings were made of crystal acrylic (colorless) to be able to see
the rain through them during testing. The equipment used for rain simulation
consists of a set of nozzles selected to reproduce the dimensions of the drops. These

Fig. 1 Experimental test models with different base shapes and environments with different
heights
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nozzles were arranged to create a uniform distribution of simulated rain. The speed
of the final test wind was 25 km/h at the top of the building in full scale (Poyastro
et al. 2012).

Images analyzes were performed using the methodology presented in Fig. 2
which initially consists in standardizing the images considering its size and quality
(number of pixels). Then it is necessary to determine a standard point for all images,
whether wet or dry, which will be used as reference for the analysis of all records
images of the tests, from this decision, noting the amount of pixels selected in this
dry or wet area. The next step relates to the removal of the selected image area so
that it can be accounted for the remaining area of this image.

Thus, in studies that employ water sensitive papers, altering its color from
yellow to blue as wetted by rain, such as Poyastro (2011), can be selected from the
different areas of this methodology. Below, in Fig. 3, one can see the application of
this methodology in the analysis of the image of the building with square base and
surrounding area with the same height of the tested model.

For the evaluation of the images was used CC Adobe Photoshop software, where
images have been treated to make them all of the same dimensions, these being
800 px × 352 px, resulting in a total of 281.600 pixels, as shown in the first image
of Fig. 3 (left). Soon after, we used the color selection tool called “Color Range” of
Photoshop CC. The fuzziness level was set to be 200, which was considered by the
authors as satisfactory for color separation.

Fig. 2 Methodology developed and applied to quantify dry and wet areas, whereas the images of
the experimental tests carried out by Poyastro (2011)
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With this process, at first, we can delete the yellow color (dry area), leaving only
the wet area represented by blue pixels. The “histogram” tool was revealed the
number of pixels composing this color which resulted in 108.817 pixels (image
located in the middle of Fig. 3). Secondly, by inverting the selection, can carry out
the same process with the color yellow (dry area) by excluding the color blue (wet
area), resulting in 172.783 pixels. In other words, we obtained a greater number of
pixels quantified as dry area (yellow pixels) compared to the area affected by the
wetness, represented by blue pixels. This image editing process was performed with
all samples of tests.

3 Results

Considering the vertical wall directed rain amount, calculated from the wind-driven
rain relationship formula proposed by Rydock (2006) and shown in the graph in
Fig. 4, the walls of the facades of buildings oriented to the South/East quadrant
receive higher incidence of driving rain against other orientations, which in general,
considering the North/East and North/West quadrant have similar levels of driving
rain in the city of Porto Alegre, Brazil.

Fig. 3 Example of application of the methodology for quantification of wet and dry areas on
models submitted to driving rain in the wind tunnel
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Thus, the direction with highest rainfall index directed vertical wall in the city of
Porto Alegre, based on the application of the Rydock formula, was the Southeast
with an average of I0 above 90 mm/year, and its derivations for East and West, more
precisely in the directions East-Southeast (57.5 mm/year) and South-Southeast
(54.5 mm/year). In contrast, the direction that received the lowest amount of rain
based on these same parameters was North-Northwest with an average value of
I0 = 12.0 mm/year, followed by the Northeast with I0 = 12.6 mm/year, both related to
the North quadrant.

In this sense, from the identification of the most susceptible facade to the inci-
dence of wind-driven rain in the city of Porto Alegre, the areas of the models
submitted to driving rain tests, based on experimental tests developed by Poyastro
(2011), were quantified employing the methodology already presented. In Fig. 5,
we can see the application of the methodology for some the models with square
base (M1).

For all image analysis, the following nomenclature was adopted: M1 for the
model with a square base, M2 for the model with a cross-shaped base, M3 for the
model with a H-shaped base, and E1 for the next surrounding area without
buildings, E2 for the surrounding area construction with the half-height of the
model and E3 for the environment with buildings with the same height as the model
evaluated. This same nomenclature referring to the building model shape and its
surroundings was used in the configuration of the graphics and the analysis of
results.

In Fig. 6, we can observe the methodology applied to the second model (M2)
with cross format base. In these images, we can see that the wetness of this model
with the environment 1 (E1) is lower compared to 2 (E2) and 3 (E3). In this case,
we can still observe the wetting in parabola shape, as evidenced in the analysis with
Model 1 (M1).

Fig. 4 Amount of driving rain on a vertical wall originated from the data of the Porto Alegre City
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The analyzes carried out with Model 3 (M3), with H base format, may be
observed in Fig. 7 and show, as in the others analysis, that the wetting caused by the
environment 1 (E1), without building, is smaller than the other environments (E2
and E3) characterized by buildings with different heights.

From the image analysis, can identify the wetting of the models in parabola
shape, characteristic of driving rain, which mainly affects the areas of the top and
sides of the model, getting the central parts of the building more protected from
wetness, caused by driving rain, simulated in the wind tunnel.

Similarly, we can observe the change in amount of wetness, when the settings
related to the model format and its surroundings are modified, so, these parameters
directly influence in the wetness level of the facades considering the models
evaluated in this research.

M1- E1 M1- E2

M1- E3

Fig. 5 Proposed methodology application for the model with square base (M1) and different
surroundings
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Thus, in Figs. 8 and 9, we can see the graph that reproduces the amount of rain
wetting the affected area, considering the tested models according to each sur-
rounding area reproduced. In it can be seen that the wet area of all models increases
as the composition of the buildings surrounding changes, and for all the models
surrounding area 1 (no buildings) was the one that represented the lowest rates of
wetting, in contrast, the surrounding area 3 (E3) over all models, had higher per-
centages of wet area, showing the surroundings 2 (E2) behavior very close to that
found in the surrounding 3 (E3).

In the graph shown in Fig. 9, we can observe the behavior of the models in terms
of each configuration surrounding area, so it appears that the model 1 (M1), with
square base features for all configurations of the surrounding area smaller

M2- E1 M2- E2

M2- E3

Fig. 6 Proposed methodology application for the model with cross base (M2) and different
arounds
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percentage of wetness, contrary model 3 (M3) among these, is the one with higher
rates of wetting, leaving the second model (M2), with cross-shaped base, with a
median behavior between M1 and M3.

Thus, we can observe that both the base shape of the building and the config-
uration of the surrounding areas influence in the level of wetness of the facade of
the models. Model with square base (M1) and no surrounding buildings had lower
rates of wet areas. In contrast, model 3 (based H-shaped) with the surroundings of
the same height as the model analyzed, yielded higher percentages areas of wetness
coming from driving rain simulation in the wind tunnel.

M3- E1 M3- E2

M3- E3

Fig. 7 Proposed methodology application for the model with H format base (M3) and different
arounds

100 L. Zucchetti et al.



4 Conclusions

Considering the quantification based in the wind-driven rain relationship and on the
data analyzed, it was found that the facades of the buildings located in the Porto
Alegre city, Brazil, are subject to a higher level of wetting due to the incidence of

Fig. 8 Wet areas quantified in the model considering the behavior of the surrounding area in terms
of the shapes of the buildings

Fig. 9 Quantification of the wet area of models considering the influence of the base shape in the
building model
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wind-driven rain when oriented to quadrant East, it was found that the facades of
the buildings located in the Porto Alegre city, Brazil, are subject to a higher level of
wetting due to the incidence of wind-driven rain when oriented to quadrant
East/South, with greater incidence for facades oriented to the southeast direction.

Taking into account the quantification of driving rain in the models subjected to
wind tunnel experimental tests, based on the work of Poyastro (2011) and applying
the methodology proposed in this paper, it was found to influence the base shape of
the building and its immediate surroundings, in the level of wetness of the facades
of the model. Whereas the configuration with the model of square base and without
surrounding buildings was one that had lower wetted area, in contrast, the con-
figuration with H-base building and surrounding area of the same height of model
resulted in higher rates of hit by wind-driven rain.

Thus it was found that both the base shape of the building/model and the
configuration of the immediate surroundings influence the level of wetting of the
facades of buildings. Moreover, this paper proposed, developed and applied
methodology that proved to be adequate, since it allowed the quantification of the
areas affected by the wetness of driving rain, simulated in wind tunnel and can be
reproduced in other works that have the same goals.
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A Performance Assessment
of Prefabricated Bathrooms
Installed in the 1990s

Martin Morelli and Erik Brandt

Abstract This chapter describe the design and build up of wet rooms (bathrooms
and rooms with similar exposure to water and high relative humidity) in Denmark
with emphasis on wet rooms made as part of a Danish research project—Project
Renovation. In this project, 19 different types of bathrooms were made in new
untraditional ways. A number of these bathrooms covering 11 different types were
surveyed after approximately 20 years of use. The survey aimed at evaluating the
bathrooms’ condition based on a non-destructive inspection. In general, the bath-
rooms are in good condition and perform well compared with traditionally made
bathrooms. The paper describes the methodology developed to assess bathrooms
and gives examples of the results.

Keywords Pre-fabricate � Bathroom � Wet room � Inspection methodology

1 Introduction

In the 1990s, urban renewal was undertaken on a large scale in Denmark and
especially in the major cities, e.g. Copenhagen. The aim was to improve the sanitary
conditions in apartment buildings constructed in the late nineteenth century. These
buildings were normally constructed with solid masonry walls, front—and back-
stairs, floor divisions of wooden beams and apartments with 2–3 rooms. The
apartments could have been built with a small toilet in the apartment or would
otherwise have shared toilets located on the backstairs or in the backyard with their
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neighbours. In connection with the urban renewal, bathrooms were installed in
many apartments; nevertheless, today 8 % of apartments in Copenhagen are still
having insufficient sanitary conditions.

In term of construction, bathrooms are perhaps the most complicated rooms to
build. Many professions have to collaborate, thus functions, technical service
installations, tiles, joints, etc., must fit together. Constructing bathrooms in new
buildings are easier compared with establishing bathrooms or refurbishing bath-
rooms in existing buildings. Therefore, the bathroom is also the most expensive
room per square metre to construct regardless of whether it is a new building or
refurbishment of an existing building. Normally, in existing apartments buildings
there is very limited space available for establishing a bathroom.

The many functions and installations require that special care is taken to min-
imise the risk of damage and especially water leakage. Given that bathrooms are
exposed to water on floor and walls and to high relative humidity, it is often
necessary to install a watertight membrane in order to protect vulnerable materials.
In general, constructions of inorganic materials are considered as resistant against
moisture in contrast to organic materials which deteriorate if exposed to regular
water exposure or high relative humidity. For instance, wood in a construction is
vulnerable to decay and mould, if water penetrates through a leak in floor coverings,
wall coverings or installations. Such water-caused damage may lead to costly
repairs, if it is not detected and eliminated within reasonable period of time.
Therefore, it is necessary to inspect constructions and installations on a regular
basis, e.g. as a part of regular maintenance.

Eriksen et al. (1991) surveyed 44 newer bathrooms and reported 205 failures
related to the zone with the highest water load. These 205 failures were divided into
seven typical groups, i.e.

1. Leakage at pipes passing through wall, floor and ceiling (59 failures)
2. Joint defects (44)
3. Moisture accumulation (30)
4. Cracks (25)
5. Lack of adherence (20)
6. Depression and lump (16)
7. Subsidence (11)

The findings from the 44 investigations established a need for improving the
quality of bathrooms. Hence, a development programme called Project Renovation
was initiated in 1994–1998 with the intention of improving the quality of bath-
rooms and simultaneously limit the cost of construction. Despite the initiative in
Project Renovation, Brandt (2005) reported that for a number of years bathrooms
had been number 1 as regards failures.

The most important properties related to service life of bathrooms are according
to Brandt (2008); watertightness, water vapour permeability, resistance to
mechanical loads, dimensional stability against changes in relative humidity and
temperature and compatibility of materials. According to Brandt et al. (2011),
reduced service life of bathrooms is often caused by the failures (lack of
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watertightness) around penetrations of pipes and floor gullies, hence ingress of
water in the construction. These common failures are caused by incorrect mounting
of floor gully or unsuited/wrong floor gully used.

Failures are seen both in

• Traditional bathrooms made from concrete, masonry or lightweight concrete—
these materials are rather tolerant to minor mistakes.

• Lightweight bathrooms with constructions made from board materials, e.g.
gypsum boards, calcium silicate boards or plywood—these materials/
constructions are often vulnerable to even small amounts of water.

Brandt (2005) reported that for the traditional bathrooms, the most common
failures occur when changing the floor surface without changing the floor gully to
an adequate type or securing the joint between floor and walls. These two failures
cause water penetration into the floor construction and to the room below. For a
lightweight bathroom of board material, the failures are water penetration through
walls and/or floors caused by unsuited materials, e.g. board materials with insuf-
ficient properties, watertight membrane missing or too thin and failures around
details especially floor gullies.

1.1 What Is Project Renovation?

The Project Renovation programme was initiated to promote trade and was
implemented from 1994 to 1998, aiming to develop and test models for industri-
alised refurbishment, which embraced products, methods and processes. Within the
framework of Project Renovation, nine categories of projects were identified, where
bathrooms was one of them. Project Renovation was conducted during a period
where major urban renewal took place in Copenhagen. The urban renewal aimed at
improving the quality of housing and thereby bringing toilets and showers from the
back stairs or small broom cupboards and backyards into each apartment, cf. Fig. 1.

Common for Project Renovation was the use of prefabricated bathrooms and in
total 19 different bathroom solutions were installed. The bathrooms can be grouped
as light- or heavyweight bathrooms with further three subdivisions, i.e. in situ,
assembly kit and whole cabins. A 5-year inspection report prepared in connection
with Project Renovation (Danish Ministry of Housing, Urban and Rural Affairs
2004) concluded that 90 % of the bathroom solutions were implemented in practice.
For some of the bathrooms, the watertightness was investigated in laboratory before
the bathroom was installed in buildings. Furthermore, an advantage of prefabricated
bathrooms is that large parts of the quality control of the components are imple-
mented at factory production. Nevertheless, a follow up on the performance of these
19 bathrooms projects was never executed.
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2 Construction Principles for Bathrooms

Traditionally, bathrooms and other wet rooms in Denmark were made solely from
inorganic materials, e.g. masonry, concrete or lightweight concrete. The advantage
of these materials is primarily that they are not vulnerable to water and besides
some of the materials are watertight in themselves. Experience showed that
wet-room constructions made from inorganic materials and with a watertight—or in
some cases just water repellent—surface functioned satisfactorily, i.e. with the
pattern of bathing at that time. For renovation purposes, new bathrooms were often
made by casting a concrete slab on the old wooden floor joists—cf. Fig. 2. The
experience with these and similar constructions are generally good.

In the 1970s, it was allowed to use lightweight constructions in bathrooms, e.g.
stud walls with cladding of gypsum boards and floor constructions with plywood as
subfloor. In floor constructions, wood-based materials were permitted on condition
that they were impregnated and protected with a water-resistant and watertight
surface. The objective was to make the constructions cheaper and at least to some
extent to make the building process faster.

During the 1970s and 1980s, further relaxations were introduced, e.g. allowing
wood-based materials without impregnation against dry rot and fungi. It was a
condition, however, that floor and wall coverings should be in accordance with
directions approved by the Danish Ministry of Housing or in accordance with an
approval of a specific construction (system) at that time also granted by the
ministry.

Fig. 1 Left Example of a common toilet in the apartment or on the back stairs before urban
renewal. Right An enlarged bathroom after urban renewal with the shower to the left of the door
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At that time, the guideline approved by the Danish Ministry of Housing was SBi
Direction 109, “Floors on wooden floor joists and linings on stud walls in wet
rooms” (three editions the last one valid until 1991) (Kjerulf et al. 1984).
A prerequisite for the use of lightweight constructions was that the constructions
were accessible from beneath so that any leaks could be detected as soon as
possible.

2.1 Requirements for Bathrooms in the 1990s

In the 1990s, the use of lightweight constructions was widespread with several
different possibilities for wall as well as floor constructions. The constructions were
described in SBi Direction 169 “Floors and walls in wet rooms – in new dwellings
and in connection with renovation” (1991) (Brandt and Nielsen 1991).

Based on experience gained from using lightweight constructions stricter rules
were introduced for some constructions, e.g. only approved plywood and chipboard
could be used for floors. Besides glass fibre reinforced polyester was withdrawn
from the guideline due to health reasons and the use of lightweight construction was
prohibited for wet rooms with an exposure higher than in ordinary dwellings.

Experience gained from its use showed that some of the constructions and
surface coatings were vulnerable especially in social housing where the exposure in
many cases is harsh. In 1995 further requirements were introduced to improve the
quality and service life of wet rooms. The most important change was that a wet and
a moist zone in wet rooms were introduced. Only the most resistant constructions
and surfaces were allowed in the wet zone, i.e. the area around the shower and the
bathtub, see Fig. 3. Ordinary gypsum boards were prohibited and a new type with
silicone impregnated core was developed. Surface coatings with paint and wooden
boards were from that time only allowed in the moist zone.

Floor covering with cavetto
against the wall

Concrete

Underlay of bitumen felt

Joist

Pugging boards

Boards parallel with joists

Screed

Fig. 2 Structure of a
traditional wet-room floor
established on existing floor
divisions with wooden beams
with pugging (Brandt and
Morelli 2015)
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In 1993, SBi Direction 180 “Bathrooms” (Eriksen 1998) was issued giving some
examples on planning, designing and execution of especially good solutions for wet
rooms.

In the same period a number of projects—under the umbrella Project Renovation
—were launched trying to develop new, simpler, cheaper and safer constructions
for wet rooms especially for renovation projects. These projects were of many
different types and did not necessarily have to fulfil usual requirements and
directions including today’s requirements. However, all the projects had to fulfil the
most important performance requirement, namely water tightness.

2.2 Requirements for Bathrooms in 2015

Figure 3 illustrates how—especially lightweight—bathrooms today are divided into
a wet and a moist zone. The wet zone is where surfaces are expected to be exposed
to water on a regular/daily basis, whereas the walls in the moist zone are only
expected to be exposed to high relative humidity and only occasionally to water.
However, if the bathroom is smaller than 3.25 m2 or less than 1.3 m wide, all the
walls are considered to be the wet zone (Brandt and Morelli 2015). In the wet zone,
requirements to watertightness and robustness are stricter than in the moist zone.

500500

Wet zone

Moist zone

 100

2300
 30

20 - 25

Threshold

Gradient in
flooring Measurements in mm

(a) (b)

(c)

Fig. 3 a Moist and wet zones in a bathroom with a shower unit, where the wet zone encompasses
the entire floor and walls around the shower unit until 500 mm from its demarcation. Wet zone on
walls are from floor to ceiling, however, in tall rooms the area above normal room height can be
considered as a moist zone. No penetration of pipes in the floor is allowed in the most
water-exposed area—marked with a dotted line. This is normally also the area with the largest
slope of the floor towards the floor gully. The room is designed as a “basin”, i.e. either as shown in
b 30 mm height difference between the top of the drain and the floor at the door or alternatively
c 20–25 mm between floor surface and lower edge of threshold (Brandt and Morelli 2015)
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Wet rooms in Denmark are also classified dependent on the category of building
they are intended for. The lowest category is wet rooms in single-family houses,
second homes, etc. (class L—Low). The middle category is dwellings in blocks of
flats (social housing) (class M—Middle), and the third category is for uses with
exposure beyond normal dwellings, e.g. washrooms in sports halls or industrial
kitchens (class H—High). In class H, only inorganic constructions are allowed.

In dwellings, the most used light/semilight constructions are
Floors

• Wooden floor joists with plywood, watertight membrane and ceramic tiles
(class L)

• Wooden joists with chipboard and PVC (with heat welded joints) (class L)
• Wooden joists with plywood + watertight board, watertight membrane and

ceramic tiles (class M)
• Concrete slab on wooden joists with membrane and ceramic tiles (class M)—the

most commonly used floor construction for renovation

Walls

• Stud walls with a cladding of boards (gypsum boards, cement-based boards, etc.
but NOT plywood or chipboards), membrane and ceramic tiles (class M)

• Stud walls with chipboard and PVC (with heat welded joints) (class L)
• Stud walls with watertight boards, membrane and ceramic tiles (class M)
• Aerated concrete (class M)

Besides a new double-floor construction has been introduced consisting of two
independent watertight membranes separated by a thin layer of water resistant
lightweight concrete. Both membranes are drained to the floor gully, i.e. if the upper
layers fail there is still a watertight membrane below. This construction was
invented because the foundation for some of the old buildings is not able to carry
the extra load from thick concrete slabs.

3 Types of Bathrooms Installed During Project
Renovation

The 19 types of bathrooms in Project Renovation are all installed in typical
apartment buildings built around the late 1800s. Two approaches were used to build
in bathrooms in apartments constructed with floor division of wooden beams with
clay pugging. The first approach was to install bathrooms as individual cells in each
apartment, implying that the load from the bathroom should be carried by the
existing floor division. The second approach was to build self-supporting cabins,
where the existing floor division was demolished and new foundations constructed
for the tower of cabins. Figure 4 shows the two approaches, and Table 1 describes
the 19 different types of bathrooms developed during Project Renovation.
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3.1 Lightweight In Situ

Bathroom #3 (Danish Ministry of Housing 1994) was constructed with a horizontal
steel surface in the entire bathroom floor area. In larger bathrooms the bottoms of
the bathroom were delivered in pieces and welded on site. The edges of the steel
surface were folded and finished at least 60 mm above the floor surface, cf. Fig. 5.
The wall membrane had to overlap the steel with at least 60 mm at the wall-floor
assembly.

The steel surface acts as a traditional watertight membrane; however, it is much
more robust during installation as compared with PVC floor coverings or membrane
with tiles. The slope towards the floor gully was built up with screed laid out on the
steel surface. With a thickness of 1–2 mm, the steel surface had no rigidity and
the underlay for the steel tub had to have sufficient rigidity to apply, e.g. tiles on the
floor.

Penetrations were welded to be waterproof and mountings for the toilet were also
welded ensuring that no screws or bolts penetrated the steel tub. Stainless steel was
used to minimise the risk of moisture degradation of the surface, and to avoid
damage by corrosion, identical materials were used for all pipes.

During the development of the floor it was found that a steel thickness of 1.5 mm
induced deformation as lumps from heat. Therefore, the thickness was increased to
2 mm. In large bathrooms or where all walls were kept, the steel had to be delivered
in smaller pieces and then welded at the construction site, ensuring that the
watertightness had to be tested on site.

Fig. 4 Left Self-supporting cabins with foundation in basement, and right Bathrooms installed as
cells in each apartment on existing floor division of wooden beams
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3.2 Lightweight Assembly Kit

Bathroom #4 (Danish Business and Housing Authority 2004b) built on the floor
principle of Bathroom #3, focusing on development of walls with steel membranes
similar to those existing for floors.

Table 1 Overview of bathrooms after construction principle with a short description and number
of surveyed bathrooms

Construction principle # Description Surveyed

Lightweight in situ 1 Bathroom with a shower cabin with ceiling, 3 walls
and basin made of steel

0

2 Bathroom with subfloor of wood and PVC
finish/veneer/surface

0

3 Bathroom with horizontal waterproof steel surface
on entire floor

3

Lightweight assembly
kit

4 Bathroom with horizontal waterproof steel surface
on entire floor and steel membrane in walls

2

5 Prefabricated horizontally sandwich element with a
steel surface as membrane

4

6 Fibre reinforced concrete elements for walls, floor
and ceiling

7

7 Bathroom with horizontal waterproof steel surface
on entire floor

0

Lightweight whole
cabins

8 Fibreglass cabins produced as elements 0

9 Bathroom with horizontal waterproof steel surface
on entire floor with cylindrical steel shower unit

3

10 Bathroom with horizontal waterproof steel surface
on entire floor with cylindrical steel shower unit

0

11 Cabin with lightweight concrete floor and walls with
steel studs

4

Heavyweight in situ 12 Concrete floor in situ 0

Heavyweight
assembly kit

13 Prefabricated concrete bathrooms floor with 85 cm
high walls

1

14 Fibre reinforced concrete floor element with aerated
concrete walls

3

Heavyweight
whole cabins

15 Concrete cabins for two apartments 2

16 Concrete cabins for one apartments 0

17 Lightweight concrete cabins for one apartments 0

18 Concrete cabins for two apartments bathroom and
kitchen bay

4

19 “Light” steel/gypsum cabins including bathroom and
kitchen for one apartment

2
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The prefabricated room-high panels consisted of a steel membrane with calcium
silicate boards and tile surface. The wall elements could then be assembled with the
steel tub floor with an overlap of 50–100 mm; thus water penetrating into the wall
would be led to the bathroom floor in the cavity between the calcium silicate board
and the stainless steel plate, as shown in Fig. 6. The watertightness between ele-
ments was ensured by applying a neoprene sealant tape on assemblies.

The water installations were placed in service shafts and led to above the ceiling.
Water pipes to the shower and washbasin were led through the cavity between the
steel membrane and the calcium silicate board. This can be done without pene-
trations of the membrane.

The concept of Bathroom #5 (Danish Ministry of Housing and Urban Affairs
2001a) was to develop lightweight prefabricated floor elements to be installed
directly on the existing floor division and afterwards assembled with lightweight
stud walls. The first generation of the floor element consisted of welded steel

Fig. 5 Left Steel surface on entire floor with a reduced height of the edge in the front right for a
door. The two white parts are for the toilet and behind it is the floor gully. Middle The folded edge
at the assembly between steel floor and wall and the assembly of two steel plates. Right Structure
of floor with tiles and screed around the floor gully. Pictures from Danish Ministry of Housing
(1994)

Fig. 6 Left Section in floor and wall showing where the steel membranes are overlapping. Middle
Assembly of wall and floor at the door, where the steel height is reduced. Right Red painted steel
frame above ceiling for fastening the walls steel plates, see marking. Pictures from Danish
Business and Housing Authority (2004b)
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profiles with integrated slope, onto which a plywood board and steel plate with floor
gully and upstand for the wall/floor junction was placed. This first floor was too
heavy (>150 kg) and a second generation floor was developed (ca. 50 kg).
Furthermore, initial tests revealed problems with the watertightness of the assembly
between the stainless steel membrane and the bottom plate, due to different impacts
from heat and high pressure during foaming. Therefore, the floor element was
designed with only materials of stainless steel.

This second floor element was still a sandwich construction but the steel profiles
and plywood were substituted with stainless steel plates at top and bottom with
integrated slope and between the plates was polyurethane (PU) foam. The top plate
had a slope of 20 mm towards the welded-on floor gully. The floor element had a
floor/wall junction to secure watertightness to the lightweight steel stud walls. The
walls consisted of two layers of calcium silicate boards and tiles, cf. Fig. 7.

Bathroom #6 (Danish Business and Housing Authority 2002; Danish Ministry of
Housing 1997) was developed in two generations (hereafter referred to as #6.1 and
#6.2). The bathrooms # 6.1 consist of fibre reinforced elements for floor, walls,
corners and ceiling. The elements had a fixed height of 2.1 m; however, the large
walls were divided horizontally into two elements due to the weight issue. The
elements were assembled with bolts that connected the floor with the ceiling
through the corner elements, cf. Fig. 8. The watertightness of the elements was
ensured by applying a membrane and tiles. The second generation of the bathroom
was an improvement on the solution developed in bathroom #6.1, e.g. reducing the
weight and improving the quality of the elements.

The lessons learned from development of Bathroom #6.1 was that the assemblies
were sufficiently developed to be used in other projects. However, the finish of the
surfaces was not good enough due to the large tolerances between the elements.
Furthermore, a reduction in the density of the heaviest elements was needed for
improving the working environment.

Fig. 7 Left Floor element seen from the top, Middle floor gully at bottom plate and Right
installation of walls to the floor. Pictures from Danish Ministry of Housing and Urban Affairs
(2001b)
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3.3 Lightweight Whole Cabins

For Bathroom #9 it was required that the solution should be lightweight due to the
conditions of the foundation which did not allow heavy bathrooms. The floor,
including the concave moulding, as well as the cylindrical shower, was constructed
in stainless steel, and was delivered to site as a unit. The floor was kept in stainless
steel but glass-blown to give a non-slip surface. The steel stud walls are covered
with calcium silicate boards with an applied waterproof coating as the walls have no
direct exposure to water, cf. Fig. 9.

Bathroom #11 (Danish Ministry of Housing and Urban Affairs 1998c) was a
prefabricated cabin with a floor element of lightweight concrete and walls of steel
studs with gypsum and calcium silicate boards. It was a precondition that the cabin

Fig. 8 Left Principle of the shower cabin showing the different elements in the bathroom. Middle
Fibre reinforced concrete floor element with hole for fixing of bolts. Right Bolts above the ceiling
for assembling the elements. Pictures from Danish Business and Housing Authority (2002),
Danish Ministry of Housing (1997)

Fig. 9 Left Picture of the bathroom after approximately 20 years of use. Right Horizontal section
of the bathroom. Pictures from Danish Ministry of Housing, Urban and Rural Affairs (1999b)
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could be supported by the existing wooden beams in the floor division. The floor
was a reinforced, waterproof concrete slab with a thickness varying from 60 mm at
the floor gully to 90 mm at the door. Furthermore, the floor element had a 40 mm
plinth onto which the steel stud walls with calcium silicate boards were constructed.
On the entire floor and the walls intended to be exposed to direct water impact,
a watertight membrane applied in liquid form and tiles were mounted.

The bathrooms were installed by rolling the cabins on the existing wooden
beams; however, this required a floor gully with horizontal outlet and the trap
placed inaccessible in the service shaft outside the bathroom, cf. Fig. 10.

3.4 Heavyweight Assembly Kit

The solution for Bathroom #13 (Danish Ministry of Housing and Urban Affairs
1998a) was to combine a prefabricated concrete floor element—designed as a basin
with 850 mm high walls—with prefabricated concrete walls. The elements were
installed on the existing floor division. The 850 mm high walls of the basin were
determined by the width of the window, through which the elements were brought
into the apartments. The inner surfaces had membrane and tiles mounted at the
factory except over the joint where the basin and walls were assembled, cf. Fig. 11.
The assemblies between basin-walls and wall-wall were the only places that needed
waterproofing on site. This was done by applying a liquid membrane (with rein-
forcement over the joint) covering two rows of tiles.

Bathroom #14 (Danish Business and Housing Authority 2004a) consisted of a
fibre reinforced floor element with embedded floor gully and a plinth on to which an
aerated concrete wall was built on site. The bathrooms were installed on a new floor
division of steel and gypsum, hence the existing kitchens and toilets including the
wooden beams were demolished, cf. Fig. 12.

Fig. 10 Left Demolished façade prepared for the insertion of cabins and cabin. Middle Installation
of cabin. Right Cabins after installation with visible installations. Pictures from Danish Ministry of
Housing and Urban Affairs (1998c)
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3.5 Heavyweight Whole Cabins

The solution of Bathrooms #15 (Danish Ministry of Housings 1997) and #18
(Danish Ministry of Housing and Urban Affairs 1999a) was to install two
room-sized concrete bathrooms with fully mounted interior fittings. The bathrooms
could be stacked on top of each other to form a self-supporting structure that was
placed on a new separate foundation in the basement. The system required the roof
and floor divisions to be demolished to make room for the cabins in the building,
cf. Fig. 13.

Contrary to Bathrooms #15 and #18, Bathroom #19 (Danish Ministry of
Housing and Urban Affairs 1998b) was constructed as a light structure of steel studs
and gypsum boards. Each cabin was constructed with walls, floor and ceiling

Fig. 11 Left Floor element with 850 mm high walls. Right Assembly between floor and walls with
applied membrane (dark colour). Pictures from Danish Ministry of Housing and Urban Affairs
(1998a)

Fig. 12 Left Opening in the building after demolishing kitchen, toilet and floor division. Middle
Inner frame of new floor structure for carrying the bathroom and new kitchen. Right Fibre
reinforced floor element with a plinth. Pictures from Danish Business and Housing Authority
(2004a), Danish Ministry of Housing, Urban and Rural Affairs (1999b)
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elements combined with rigid corners. Furthermore, the solution was a cabin that
also included the kitchen and not the neighbouring bathroom as was the case for
Bathrooms #15 and #18, cf. Fig. 14. The surfaces were covered with tiles on floor
and walls, and similar to the cabin shown in Fig. 13 right.

4 Systematic Field Investigation

A systematic condition assessment was developed for inspection of the bathrooms.
The condition assessment related to damage investigation and described the pro-
cedure used for field investigation of bathrooms. An inspection scheme was
developed based on the methodology described in Nordtest Report (Brandt 1997).

Fig. 13 Left Installation of two cabins as Bathroom #15 with placing of apartment boundary in the
middle. Right Installed Bathroom #15 cabin seen from above. Pictures from Danish Ministry of
Housings (1997)

Foundation

Bathrooms

Fig. 14 Left Installation of a kitchen and bathroom. At the ground, a brick foundation can be seen.
Right Principal sketch of the kitchen placed in a bay and the bathroom inside the apartment after
renovation. Pictures from Danish Ministry of Housing and Urban Affairs (1998b)
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The methodology was developed in order to reveal normally seen defects in
bathrooms, thus a consistent evaluation of each bathroom was achieved indepen-
dent of the investigator. By means of the scheme, visual inspections were per-
formed systematically to register the conditions and damage of several predefined
items.

The items included in the condition assessment are listed as bullets, and an
excerpt of the inspection scheme is given in Table 2.

• Bathroom layout, number of users, size, photos
• Constructions—flooring, wall covering, ceiling, doors and windows as well as

construction configuration
• Installations—water and drainage including pipe penetrations, electrical, venti-

lation and service shafts
• Measureable conditions—e.g. moisture content in wooden items and cracks in

tiles

The systematic condition assessment included a five-step ranking of condition
and interrelated degree of consequence for the structures and installations, as shown
in Table 3. The ranking was conducted for floor, walls, ceiling, doors/windows,
building services in bathrooms and service shaft. Furthermore, the inspection
scheme included a plan drawing of the bathroom and other general information, e.g.
size and users.

The bathroom inspections were conducted in randomly chosen apartments,
where the only criterion was that the bathrooms were constructed during Project
Renovation. The inspector was independent and unconnected with the property and
apartments, and therefore no destructive investigations were conducted. However,
moisture content in wood and crack width and length was measured, if appropriate.

Table 2 Excerpt of an inspection scheme for a flooring assessment

Subject Condition Assessment/observation

Floor Tiles small

Surface material condition 2 One tile cracked at gully

Watertightness of floor and wall 0

Basin 0 5 cm, approx. 3 cm resilient silicone
sealant

Joints/welded joints 0 Resilient silicone sealant at arc-corner
and floor/wall

Resilient silicone sealant 1 Modest mould growth

Surface easy to clean 1 Small tiles

Position of floor gully in proportion to
wall

0

Slope on floor, even, back fall,
towards floor gully

0

Loose tiles/floor covering 0

Suitable floor covering for underlying
structure

0
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If possible, inspections were conducted in three bathrooms for every type of
bathroom. The chosen bathrooms were selected based on the occupant’s willing-
ness to participate in the project. This random selection was considered sufficient to
obtain bathrooms with different use patterns and damage.

5 Lesson Learned from Inspection After Approx. 20 Years
of Use

For the bathrooms with an age of approximately 20 years, the general quality is
high compared with traditional bathroom built in situ. 35 bathrooms were inspected
of which 27 were smaller than 3.25 m2, and on average the bathrooms were used by
1.7 occupants with a maximum of three occupants. All the bathrooms were
designed as a basin with at least 30 mm difference from threshold to floor gully and
equipped with mechanical ventilation. Some of the bathrooms also had windows.
These issues correspond with the requirement for bathrooms built in 2015.

The failures reported by Eriksen et al. (1991) from surveying 44 newer bath-
rooms their two most critical failures were leakage at pipes passing through wall,
floor and ceiling as well as joint defects. From our inspections the most critical
failures registered were mould-infested resilient silicone sealant, cracks and holes in
wall and floor covering as well as issues related to the service shaft.

Many of the failures registered could have been avoided with increased main-
tenance, e.g. replacing tiles with cracks and resilient silicone sealant infested with
mould growth. One reason for the high quality of the bathrooms relates to their
layout, where the wet zone is separated from critical assemblies, e.g. doors, and
moisture sensitive materials such as wooden panels are kept in the moist zone
instead of in the wet zone. Another reason for the bathrooms’ high quality can be
explained by the watertightness test that was conducted during the development
process of several of the bathroom types. If the test failed, changes to the bathroom
design was made and hence the installed bathrooms are in principle with docu-
mented and improved watertightness.

Table 3 Ranking of condition and interrelated degree of consequence for the inspected structures
and installations

Condition N/A Not applicable or it is not possible to do the inspection

Condition 0 Very good: No signs of abnormal wear or damage

Condition 1 Good: Need for minor maintenance

Condition 2 Bad: Need for maintenance and minor repair

Condition 3 Very bad: Visible symptom of failure or damage repair needed
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5.1 Cracks and Holes

In many of the bathrooms small cracks and holes were observed, however, these
minor defects are assessed not to be significant, because the watertightness is not
affected—mortar joints are not waterproof. These defects were often found in the
wet zone, i.e. where they are exposed to water. In a few cases, cracks caused by
movements were also seen and these cracks were close to exterior walls, however,
not in the shower unit.

In bathroom #14, a heavyweight assembly kit of fibre reinforced concrete bottom
with a plinth, perhaps the most critical crack was registered. In the three surveyed
bathrooms on top of each other, a crack was registered at different places on the
wall in the shower unit, about 30 mm above the floor. This crack might be related to
the plinth on the bottom element, cf. Fig. 15, and caused by movements in the
building, even though a new steel frame was constructed for the bathrooms and
kitchens, cf. Fig. 12.

5.2 Mould Growth

Mould growth was seen primarily on resilient silicone sealant, which was applied in
the assemblies between walls and floor or around floor gully. The mould was
mainly present in wet zones with a regular water exposure, i.e. long periods of high
relative humidity. The reason for this is that the resilient silicon sealant contains an
anti-mould agent, which after 1–2 years will be washed away and mould will start
growing.

Fig. 15 Left Fibre reinforced bottom plate with a plinth marked with a black line. Right The black
line indicates the crack, which was found on different walls in the bathroom above and below the
apartment on the picture. Left Picture from Danish Ministry of Housing, Urban and Rural Affairs
(1999b)

122 M. Morelli and E. Brandt



In the bathroom with stainless steel bottom, mould growth was also seen,
cf. Fig. 16. This might also be rust, but it was not further investigated.

The influence of mechanical ventilation is important to the indoor environment
in these small bathrooms, as most bathrooms are installed inside the apartment not
allowing the room to have windows. In several cases, the mechanical ventilation
was either blocked or dirty, and therefore not performing satisfactory. This creates
an increased risk of mould growth in the bathroom as the relative humidity is kept
on a high level for a prolonged time. In one building, three apartments were
inspected all connected to the same ventilation exhaust. The one bathroom with a
very low ventilation exhaust hat dark stains in the ceiling, which is assessed to be
mould growth, contrary to the two bathrooms with a high exhaust rate which had no
stains in the ceiling, cf. Fig. 17.

Fig. 16 Left Bathroom #4, the corner of the door, wall and floor assembly where the rusty red
colour is anticipated to be mould growth as it is the same colour as seen on the silicone sealant.
Right Rusty red colour at each corner at the interface of the shower unit and floor, see also Fig. 9

Fig. 17 Two bathrooms connected to the same ventilation exhaust, but where the one (left) has a
low rate of extraction and dark stains in the ceiling, whereas the other (right) has a high rate of
extraction and no dark stains in the ceiling
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This risk of mould growth as a consequence of low ventilation exhaust might be
related to the occupant’s maintenance of the bathroom and the ventilation system,
i.e. the fan.

5.3 Service Shafts

A variation of the design of the service shafts was registered, i.e. size of hatches,
accessibility and space for future installations, cf. Fig. 18. Access to the installations
was not as carefully designed as most of the bathrooms were. In many cases it was
very difficult to access the most important installations, which was also mentioned
by the operating staff. Only a few of the 11 inspected bathroom types had an alarm
system to report if installations leaked. For the heavyweight concrete cabins
described in Bathroom #18, drain pipes were led from each shaft to the basement,
however, in the basement there was still no alarm system other than a possibility of
visual inspection.

It can be questioned whether the visual inspections are adequate for an evalu-
ation of the construction of bathrooms. The inspection did not reveal any under-
lying failure in the construction of the building, which could have a high economic
impact for the occupant or building owner. However, the inspections of the bath-
rooms are conducted on a uniform basis with a predefined rating system. The
developed scheme encompasses the most important items for a conditions assess-
ment of bathrooms. For the 35 inspected bathrooms, the damage seen have not
given rise to consider destructive inspections.

Fig. 18 Left Access to installations through a hatch in the ceiling. Middle A small cabinet gives
access to the installations. Right Access to the installations through a door in the bedroom
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6 Conclusion

The inspections led to the conclusion that in general the conditions of the 35
inspected bathrooms were good considering their age of approximately 20 years.
All bathrooms were designed as a basin and the shower area was placed away from
areas with moisture-sensitive materials or critical assemblies.

The resilient silicone sealants were often observed to be infested with mould
growth especially in the wet zone. A number of tiles were observed to have cracks
or holes from screws (mainly on walls) and in a few cases cracked tiles were
observed close to the floor gully. Finally, it is concluded that mechanical ventilation
is important for bathrooms placed in the middle of apartments to ensure the
extraction of moist air, hence decreasing the risk of mould growth.

However, as only visual inspections were undertaken, a need for a destructive
investigation might be needed in some cases where the reason for the damage is not
clear.
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GoodPractice: Analysis of the Vulnerability
of Seven Churches in Monza. From
an Information Model to a Geodatabase

Cecilia Bolognesi

Abstract The topic regards a project submitted for funding, and then realized, with
a plan of action to “promote the rationalization and renewal of Cultural Heritage”.
The project’s proposal is the promotion of good practice in the prevention and
preservation of historical and architectural heritage (Bandi Cariplo 2013). It is about
some historic churches of the city of Monza, where the religious buildings occupy a
prominent place in the central area; owing to their visibility, historical and artistic
importance, cultural and social value and appreciation of the services provided the
preservation of these building is a public theme. The writing describes the whole
method taken on the organization of a contest to select researchers and the outline
of a method to be followed/the identification of precise degeneration of the building
to be studied/the selection of researchers appropriate to the specific themes previ-
ously identified/the organization of the researches/the organization of the results in
a national database/the construction of a 3D model/the use of a 3D model as
database for information itself.

Keywords Best practice � Survey � Risk map

1 The Project as a Method

This is the description of the method adopted by a project submitted for funding by
the Association of Engineers and Architects of Milan1 on a specific theme: the
analysis of the vulnerability of seven churches in Monza and the project of their
maintenance, renovation and collection of information in a db. The adopted method
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was divided into different phases: (1) a preliminary phase with a panel of experts for
a first collection of interesting building with architectural peculiarity spread in the
centre of the town; (2) a first check of the macro problems regarding each specific
building; a possible list with the possible researches required before planning the
conservative interventions; (3) the organization of a contest for the selection of
study groups specialized in heritage with ability in databases and connections
between data sheets and portals, the groups where chosen to obtain materials and
information regarding the churches, each of the studies with an attention to the
specific damage; (4) an in-depth selection for further investigations such as the
approval of the static calculations for a bell tower, thermography images for
diagnostic purposes, 3d model obtained with laser scanner and photogrammetry to
survey damages during the years, measurement of repositioning of the structure
with beating radar; and (5) the additions of all the studies into a national Data
Base,2 la Carta del Rischio, where are included all the monuments aim of the study
in Italy.

The project’s goals are:

• start the study of churches and holy architectural complexes, which are the most
significant in the urban area of Monza, in order to plan the interventions of
maintenance according to their needs;

• give a first implementation of the “Guidelines for the assessment and reduction
of seismic risks of the cultural heritage in line with the new technical standards
for construction [d.m. 14/01/08]” (2008) particularly with regard to the
knowledge of the cultural object and the simplified models for the evaluation of
seismic safety;

• carefully classify the damage and any vulnerabilities with a superior level of
analysis than the simple visual one, through the use of instrumentation choice
depending on the specific pathologies;

• share the knowledge on a platform of free information for all the experts such as
“La Carta del Rischio” (appointed Risk chart then); and

• verify new possibilities of sharing data through 3d models, as vehicle of
information added.

2 The Architectures

The scientific committee was aimed at the definition of the research lines of the
study of churches and architectural complexes built between the eleventh and
twentieth centuries in order to formalize a preliminary proposal for monitoring and
planning the conservation.

2La carta del Rischio: http://www.cartadelrischio.it/.
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The object of the study was located in terracotta bricks and buildings built with
this material; the reason of the choice is the dissemination of the material and
construction technique throughout Lombardy, in a geographical area bordered by
the rivers Ticino, Adda and Po, which provided for centuries the raw material for its
production.

Seven churches were identified:

• “Santa Maria in Strada” (see Fig. 1); it has a façade in brick and ashlar moulded
fabric; it was built in the fifteenth century on a former convent of the Franciscan
Friars called “Penance”. The construction was begun in 1357. Next to the
church is a small cloister. At the very beginning it was a single rectangular hall
with a plain apse and a truss ceiling. During 1421 it was enlarged and enriched
with a choir, the sacristy and the bell tower.

• “San Giovanni Battista”, Monza’s Cathedral (see Fig. 2); it was built mainly
between fourteenth and sixteenth centuries with texture walls of eras from the
tenth century to the fifteenth century in mixed blocks of local stone furnace; the
cathedral preserves the famous Iron Crown which, according to tradition, con-
tains one of the nails used for the crucifixion of Christ. The church recognizes it
with a value of a relic, which is the reason why it is preserved in the church in a
famous and renovated chapel. The cathedral is classified as a complex asset
formed by the church itself, the bell tower, the cloister and the Lombardic tower.
Each single element was studied by itself and well classified in the risk chart.

• Dominican San Pietro Martire: a church built in local ashlar facade and
colonnades; the church of St. Peter Martyr is a fourteenth-century church of
Monza. The first news of the church go back up to 1369, but it is very likely that

Fig. 1 Plan of the church of Santa Maria in Strada with location of different walls according to
different periods: (S. Maria in Strada, 1925) the black ones the most ancient of the original
building
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the building is even older. The original apse was rebuilt in 1645. In 1776 the
adjoining convent was suppressed. The apse was amended again in 1817 and the
same year was also remodelled the belfry. The building underwent further
changes during the twenties of the twentieth century. From the left nave a door
leads into the cloister of the fifteenth century.

• Carrobiolo (see Fig. 3): it is a complex asset too, the church, the convent and the
bell tower, where the buildings are stratified with baked brick ashlars plastered
ever since the seventeenth century; the first church of Santa Maria del Carrobiolo
belongs to the community of the Humiliated and dates back to 1232; in that year
the archpriest of Monza authorized the construction of a chapel dedicated to God
and to the Virgin. In 1571 the order of the Humiliated was suppressed by Pope
Pius V: the complex of the church and its convent was assigned to Barnabite
Fathers that, in 1573, began to renew it, whilst maintaining the structures of the
church, the bell tower and the cloister. In 1584 San Carlo Borromeo consecrated
the temple and many of the works of remodelling followed.

Fig. 2 The cathedral: main elevation. This drawing is a part of an elevation survey already done in
2000 and now in the “Historical archives of Diocesi” previous study. It is one of the documents
uploaded in the platform of the Risk chart
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• “San Maurizio”Monastery (see Fig. 4), former Santa Margherita’s: it has a brick
façade; and it is a reconstruction of the eighteenth century; the present building
stands on the site of the former monastery of Santa Margherita (Gaeta 1787),
founded by Humiliated in the thirteenth century and occupied by the nuns of the
order. In 1469 a new church dedicated to the holy Margaret and Catherine
occupied the site of the mediaeval oratory (Bertotti 1836). The monastery is
famous for the story of Marianna de Leyva (1575–1650), the nun of “Promessi
sposi”. n 1736, it was necessary for its complete revision. In 1785, the mon-
astery was demolished and the church desecrated; various buildings in the
complex were sold. The cloister is partly demolished and then, from 1956, a
private residential building occupies most of the surfaces of the ancient
monastery.

• “San Rocco” is a Parish Church made in the modern era with terracotta; it was
built in the twentieth century; according to some documents in the place there
was a chapel whose construction dates back to 1402. In 1848 the parish was
created and the actual construction began in 1931.

• “Santa Maria of the Angels” is a church built in the early seventeenth century in
Baroque style. It was destroyed and rebuilt in neo-Gothic style in the late
nineteenth century.

Fig. 3 Historical map of the complex of Carrobiolo. One of the files uploaded in the platform of
the Carta del Rischio, Historical section. It is part of a map of 1721 from Giovanni Filippini, then
redrawn in 1738 by Carlo Porta (Filippini 1722)
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3 The First Data Collection

The proposed case, therefore, becomes a case study model to plan the conservation
of many Lombard urban centres, their architectural heritage, during a considered
period of time, which embraces about one thousand years of history; it allows a
systemic study reactions in the works according to the different parameters, and
gives an indication of the brick structures’ dynamics evolution in a frame of ref-
erence for buildings with similar constitution or construction period.

Dealing with this specific theme, the project’s study was examined in several
buildings, through the following main aspects:

• the dressed stone’s size and appearance used in different eras;
• the mortar junction’s composition and the consistency;
• the construction technique of the building obtained through the arrangement and

composition (Opus) of segments;
• the static and structural features, obtained with state of the art materials used;
• the degradation problems from fatigue and ageing of the materials;
• the problems of degradation due to environmental causes and to exceptional

events of a physical nature or man-made;
• the setting up of a systematic and coordinated monitoring instrumental;

Fig. 4 Plan of the church of San Maurizio in a document of 1879 now in “Historical archives of
Diocesi” of the Dome, the author is Cernuschi L 1879
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• the proposal of ordinary and extraordinary maintenance and restoration that can
be applied.

• the possibility to share the study and the various artefacts in order to plan the
conservation and valorize the sites for tourism.

The first step of the research was to create a dossier for each monument with
previous and new documents; some data already processed and stored in different
archival locations were divided into the following:

• essential data for identification;
• historical researches in archives: contracts, documents…;
• floor plans, design documents, drawings, photographs, …;
• macroscopic analysis, in relation to the object of investigation, the type of

material, size, appearance, quality and quantity;
• investigation of the chemical and physical processes, depending on the type of

‘opus’ adopted;
• survey campaign of macro- and micro-climatic factors with particular attention

mapping temperature and humidity; and
• collections of structural movements;

The main intention was to add to these studies all the other causes of degra-
dation, stratified by historical periods, in order to assess the influence of particular
and contingent facts.

Each building was specifically investigated and for everyone was given the
assessment to fill in the Risk chart, in addition to the collection of materials from the
previous databases. The goal was to complete the study and data acquisition, to
enrich the knowledge of these monuments focused on the fired clay brick, to
organize the criteria of operational methods of restoration or plan projects to pre-
vent and correct the identified risk factors, but also to use and possibly renew the
way to collect data not only with a public informatics platform.

4 The Deeper Investigation

The main risks on territory of Monza and Brianza, what damages the building in its
static and decorative components, are a series of reasons as follows:

• Seismic risk (moderate);
• Hydro-geological risks (floods, changes in the level of groundwater);
• Climatic risk (winds, rain showers, winter frosts);
• Micro-climatic risk (variation of thermal factors in relation to moisture,

microclimate altered by infiltration, condensation, lifts, prolonged exposure to
the sun); and

• Anthropogenic risks (pollution, direct modifications, environmental changes).
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The proposed methodology offered monitoring of the factors of potential dete-
rioration of the goods, or direct (temperature and humidity mapping,
micro-movements), or discrete (see Fig. 5).

In this second case, a periodicity default (laser scanner on major points to be
checked, ambient vibration-based investigations) needed a systematic collection of
the results to be correlated in a database (see Fig. 6).

The investigations planned were different. This method allows improving the
predictive capabilities on the degradation of structures and time schedule for the
conservation interventions. The aim is, between others, an appropriate standard-
ization of the model collection that will allow, in the future, extending to a large
number of buildings the acquisition of the data to compare the evolutionary
dynamics over time, with considerable economic savings and increase the reliability
of forecasting models.

Specifically, each church was examined by the scientific committee of the
competition; the question was which parts of the building needed a deeper inves-
tigation and what about the instruments needed in relationship with its peculiar state
of being.

Two examples before the others are Santa Maria in Strada and San Pietro
Martire.

The thermographic investigations conducted within the church of Santa Maria in
Strada in Monza were conducted with the aim to verify from the presence of
moisture due to capillary rise within the structure to phenomena of infiltration by
the roof covering.

The vault appears with localized abrasions of the painting. It is protected by a net
installed to prevent falls of parts; it runs longitudinally. On the surface you can
notice the effects of a probable infiltration of meteoric water from the roof. Mural
decoration presents abrasions localized area, moisture stains and whitening. The
scientific committee decided for a thermographic monitoring that started in May
2014. To evaluate the environmental changes inside the building temperature

Fig. 5 The graph shows the thermal linear trend in temperature between the surface in good state
of preservation and the area with the presence of moisture, with a thermal gradient of about 2 °C
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detectors and data logger were placed. The aim was to monitor the cyclical vari-
ations in relation to climate change external.

Relevant weather data of the year 2013–2014 registered for the city of Monza
were also collected and graphed relevant.

The thermographs were executed passively, in conditions of stability of the
structure with the surrounding environment. The thermal images observed distinctly
shown and clearly defined by the perimeter, and demonstrate in the vault an area at
a lower temperature than the surrounding area.

Fig. 6 This image comes from the exam of the static and seismic bell tower played by the group
of L. Jurina. The picture shows the first three modes of vibration, in the Y-direction (MODE 1), i.e.
along the axis of the church, in the X-direction (SO2), which is perpendicular to the axis of the
church, and torsional (MODE 3)
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The presence of moisture in the structure is due to an active infiltration of
rainwater from roofs.

In San Pietro Martire the bell tower needed an investigation on the structural
conditions. A specific assessment procedure was organized including full-scale
ambient vibration testing, modal identification from ambient vibration responses,
finite element modelling and dynamic-based identification of the uncertain struc-
tural parameters of the model (Gentile, Saisi 2011). A good match between theo-
retical and experimental modal parameters was reached.

The tower is characterized by the presence of major cracks on the load-bearing
walls and the need to produce checks was recommended by the presence of these
obvious vertical cracks in the walls. These cracks are possibly attributable to
excessive vertical stress of the masonry at the base of the tower. Loads transferred
from the vault and the arch itself adds up. The only 50 cm of masonry below the
arch are not adequate to transfer vertical loads in the foundation of the entire north
face of the tower. The horizontal thrust of the arches is not countered by the
presence of neither spurs nor chains. In order to achieve an adequate level of
knowledge of geometrical and mechanical parameters of the existing masonry,
some diagnostic tests were conducted, as much as possible non-invasive and
non-destructive.

The cathedral of San Giovanni Battista has a main importance among the chosen
monuments. Given to the historical significance of the building analysed, and the
significant documentation, some specific choices were made, with the aim of
offering an overview of the building as much as possible complete and
comprehensive.

The identification of the material to be included in the Risk chart preferred
selected technical material dating from the last two decades (especially reports, data
static monitoring and consolidation work performed), not available in the traditional
bibliography of the Dome. These materials are plenty and full of information: the
risk is that such richness is not considered in its entirety and remains unknown:
from here the necessity of a db such as Risk chart.

The main areas of intervention in the Dome in recent decades are as follows:

• Rebuilding of the roof;
• Adoption of an anti-dampness;
• Structural consolidation of the bell tower in successive batches, according to the

plan by prof. Claudio Modena;
• Consolidation Tower Structural Lombard, according to the plan by Prof.

Lorenzo Jurina (see Fig. 7); and
• Renovation and retrofit of technological systems.

After the collections of historical or recent documents an inspection was carried
out in situ, in order to identify any weaknesses and vulnerabilities in the building.
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The following aspects were considered:

• Visible structures: the structural elements for inspection reports on any past or
current instability;

• Decorations: the decorative elements were analysed in order to point out any
degradations disseminated; and

• Facilities: we assessed the consistency of the electrical, water and security,
based only on visual inspection and documents archive.

From the point of view of structures, it was observed how the interventions of
consolidation performed in recent past “froze” the situation of instability that had
occurred, especially the Bell Tower and the Lombardic Tower.

However, it was noted the presence of some cracks found in the attic and in the
sacristy.

4.1 The Specific Case of the Church of San Maurizio

Specifically, the church of San Maurizio proved to be the most relevant case from
the point of view of the deterioration hygrometer consequences of detectable
damage on the state of the frescoes, plaster and wooden structures. In the case study
of the church of San Maurizio, the following surveys have been done: essential data
identifying, historical research, laser scanner survey of the interior, photogram-
metric survey of the wall and vault, thermographic analysis and specific structural
calculation.

The church of SanMaurizio inMonza is located on the site of the formermonastery
of SantaMargherita, founded byHumiliated in the thirteenth century and occupied by

Fig. 7 Consolidation Tower Structural Lombard, according to the plan by Prof. Lorenzo Jurina;
one of the documents collected in the Carta del Rischio
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the nuns of the order. [Documents in public and private libraries.] In 1736 the early
eighteenth century the church pours in a precarious state of preservation, so as tomake
need her makeover in 1736, since the monastery was suppressed and deconsecrated in
1785, which was followed by the construction of various buildings around the
building. Since 1881 the church belongs to the Cathedral Monza, who transferred the
dedication of the ancient nearby church of SanMaurizio, demolished previously. The
interior of the church has a single nave and preserves paintings of the church of Santa
Margherita that the demolished church of St. Maurice, in addition to successive dec-
orations added in the eighteenth century (Filippini 1722).

The survey of the interior of the church was carried out using laser scanner
(Leica HDS7000) and photographic camera (Canon 5DMarkIII, lens 35 mm).

The survey required three days in the field and about 2 weeks for processing
data.

The elaborations are the final result of the survey executed from the floor level
and it was not possible to have scaffolding or other means to get up.

The laser scanner survey was carried out by setting a scan resolution of 3 mm–

10 m, ensuring in this way a medium resolution on the object of about 5 mm; this
resolution allows restitution to a 1:20 scale. It was necessary to acquire five dif-
ferent scans, to complete, without holes, the model of the whole church (see Fig. 8).
The targets, appropriately placed, allowed the correct georeferencing of point
clouds and then the creation of a single point cloud describing the interior of the
church.

The availability of the 3D model in point cloud format allows the extraction of
information anytime, at a later time to the survey itself (see Fig. 9). You can make
simple measurements of distances and 3D coordinates.

At the same time the laser scanner survey was done by a photogrammetric
survey (see Fig. 10). We acquired about 700 images, respecting the restitution to a
maximum scale of 1:20. To ensure proper illumination of the church has been

Fig. 8 One of the five scans, one of the targets used for the alignment of the scans and the cloud
complete
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employed a professional lighting system (Faro Sirocco2, Airstair international,
575 W HMI) that generates uniform illumination with light calibrated 5600 K
constant. This allows restitution with faithful colour and shadow reduction. From
the photogrammetric model were extracted orthophotos of the four walls and the
vault (see Fig. 11).

The conservation status of the nave of the church is rather problematic, espe-
cially in the lower part of the walls, in which are present murals with volutes and
frames that have been visibly recovered and repainted. These have undergone in the
last century, the intervention detachment and relocation of wall decorations, that
you do not currently have the information and documentation (see Fig. 12).

Probably, the surgery was performed to try to solve previous problems of rising
damp which, unresolved, recur over time. On the lower part of the walls was placed

Fig. 9 The complete point cloud of the church’s interior (software Bentley Pointools), to the right
a distance measurement directly on the model

Fig. 10 North elevation: photogrammetric survey
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a marble plinth which has brought the level of capillary rise at a greater height for
venting against moisture evaporation.

The main degradation phenomena visible in these areas are caused by the spread
salt efflorescence, led to bleaching superficial abrasion of the paint film and gaps of
the layers of plaster. One can observe how all these phenomena are localized mainly
along the edges intervention detachment relocated, making it particularly recog-
nizable compared to the top of the walls.

Through the gaps in the plaster it was possible to observe the stratigraphic
succession of detachment: on a tarred sheet, applied on the substrate as brick, were
made more layers of plaster in which was immersed a metal mesh to stiffen the
structure on which the painting was relocated mural.

The layers that constitute this structure are gradually losing adhesion and
cohesion, because of the persistent humidity and the related phenomena. In par-
ticular, the network mechanical is oxidized and presents with gross distortion due to
the efforts of tension and the weight of the structure.

The north wall of the oriented nave shows itself in a worse state of conservation,
especially the third span, in which there are serious problems of detachment and
where the paint film is extensively abraded (see Fig. 13). The same phenomena are
also visible in the first span of the same side.

The south wall shows an initial level of degradation, but with phenomena similar
to the wall opposite.

The general state of profound deterioration in facing the property has decreed the
choice of a relief with laser scanner for a presentation of the state of the artefact on
the present day.

Fig. 11 Orthophoto of the vault

Fig. 12 North elevation
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5 Conclusions

5.1 Databases for a Free Fruition

The results of the investigations carried out by the project ‘good practice’ on the
churches of Monza fully satisfy the need for documentation of built heritage
expressed by the ‘Risk Map of Cultural Heritage’: an information system that
supports decisions related to the historical national architectural, in the monitoring
of risk. The GIS is a database system, rich in alphanumeric and cartographic data,
capable of exploring and processing information about potential risk factors that
affect the cultural heritage (see Fig. 14).

It is therefore necessary that all activities undertaken at national level ‘converge’
to the risk map, thus sustaining the database and increasing the quality of the
intervention to be implemented directly on the built heritage.

For the construction of the risk model of the db it was adopted a statistical
approach, based on which the individual assets are valued as “units” of a “statistical
population” of which the aim is to assess the level of vulnerability and risk.

Risk factors were divided into the following:

• Individual vulnerability, which is a function that indicates the level of exposure
of a given item to the aggression of territorial environmental factors; and

• Hazard territorial, i.e. a function that indicates the level of potential aggres-
siveness of a given territorial area, regardless of the presence or not of goods.

Fig. 13 North elevation, third span. The thermographic investigation was carried out in active
thermography to highlight the different behaviours of the surfaces with respect to the induced
heating and subsequent cooling
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For this purpose, the data entered in the system have been acquired at different
times and in different ways depending on the projects that have taken place over the
years, often with research projects in collaboration with various Italian universities
and institutional organizations, or with the acquisition of the detection of damage
on goods.

All the material produced during the investigation on the seven churches in
Monza was then uploaded in the information system of the Carta del Rischio.
Detailed information of the case study and georeferencing are processed through its
indices; vulnerability of the object is processed in order to bring out the situations
which require further investigation, restoration or conservation work.

Fig. 14 The Risk chart (cf. footnote 2) is a computer database for data collection and return
information about the index of vulnerability of a building. The chart is a national and and local (cf.
footnote 1)public apparatus available to anyone under the guidance of the direction of the Ministry
of Culture (Urbisci, Mozzi 2007). Here are some illustrations showing the steps of in-depth
knowledge of the good. The last shot shows the index of vulnerability processed by the system
regarding the church of San Maurizio
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5.2 What Is the Next Step

When we face with increasingly complex db, the Risk map in 1994, the fear is that
the research of documents in the future will become increasingly complex and
process of vulnerability of the object will be complicated also by an increasing
population of data. The current challenge is the management of complexity to
achieve an improvement in output. One consideration dominates over the other: the
monuments themselves are witnesses and guardians of their memories.

This opens the door to situations in which the 3D model of the monument can
itself become a container of information studies georeferenced to its parts as a BIM
system.

As a second option, every building contains its own chip as an ID cards as a
collection of studies useful for its maintenance, among them his virtual model too.

Researches are currently underway.
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On the Use of Infrared Thermographic
Measurements for Evaluating
the Airtightness of the Building Envelope

Katrien Maroy, Nathan Van Den Bossche, Marijke Steeman
and Sven Van De Vijver

Abstract Infrared thermography (IRT) is a non-destructive evaluation technique
that is used to visualize construction deficiencies, e.g. thermal bridges. In combi-
nation with a pressurization fan, IRT is also used to detect air leakages. The surface
temperature change caused by the leakage air can be monitored by taking multiple
IR images. Is it possible to assess the severity or quantify the flow of air leakages
with this method? In order to link infrared images to the magnitude of air leakage
flow, all influencing factors on the change in the surface temperature were exam-
ined in simulation models, laboratory and in situ measurements. The research
showed that the visibility of an air leak is dependent on the position of other
surfaces nearby. Consequently, the amount of air leakage flow cannot be related to
the surface temperature change viewed on multiple IR images. Next to visibility
issues, the change in surface temperature is proven to be smaller at large air leakage
spots. This is due to the constant influence of the leakage air on the surface tem-
peratures. Thermography is a sufficient technique for the visualization of air leak-
ages that cause a clear surface temperature pattern under a pressure difference.
However, it is not possible to derive the quantity of the air leakage flow.
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1 Introduction

Thermography is a non-destructive measurement technique that visualizes surface
temperatures of objects, by means of infrared radiation emitted from the surface of
these objects. In building pathology, infrared thermography (IRT) has potential to
evaluate the condition of new built and renovated buildings. Construction defi-
ciencies such as thermal bridges, air and moisture inclusions and air leakages are
easily visualized. However, it is not clear to what degree information can be derived
from an infrared picture. Building deficiencies are indeed visible with thermogra-
phy, but is it also possible to assess the severity of building pathologies with an IR
picture?

For a proper analysis of thermographic images, a good understanding of the
principles behind this technique is indispensable (Sect. 2.1). Next to that, many
boundary conditions such as the weather and surface characteristics influence the
surface temperatures and thus the image created with an IR camera (Sect. 2.2).

In this research, the focus lies on the application of thermography for airtightness
evaluation (Sect. 3). The current standards give little information about the pressure
and temperature difference necessary for a thermographic assessment in combina-
tion with a depressurization test. For example, in (NBN EN 13187), there are no
specific boundary conditions mentioned for this specific application of thermog-
raphy. On the other hand, ongoing research revealed the potential to analyse
thermographic images of air leakage spots in order to receive information about the
severity (Kalamees 2007) and the dimensions of an air leak (Bérubé Dufour et al.
2009).

It is clear that the change in surface temperature is the main indication of the
presence of an air leak. By taking multiple IR images, the change in surface
temperature and pattern can be visualized. Does this change give information about
the severity of an air leakage flow? Before starting the research, the influence of the
pressure and temperature difference on the surface temperatures was clarified
(Sect. 4). Subsequently, the relation between the surface temperature change and air
infiltration flow through one single air leak was examined by means of simulations,
laboratory and in situ measurements (Sect. 5).

2 Thermography in Building Pathology

2.1 General Principles of Infrared Thermography

All objects with a temperature above 0 K emit electromagnetic radiation, including
infrared rays. In the electromagnetic spectrum, infrared radiation is situated between
the visible light and microwaves, in the wavelengths from 0.75 to 1000 µm (Fig. 1).
Thermographic cameras only receive radiation in the wavelengths from 0.7 to
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15 µm, which is in the reach of the near- and mid-infrared field (Willockx 2010;
Barreira et al. 2013).

Not every object emits the same amount of radiation in all wavelengths. For
example, the radiation of a light bulb consists of a small share of visible light and a
large amount of infrared radiation, whereas sunlight consists of visible light and UV
rays. The amount of electromagnetic radiation per unit wavelength emitted by a
black body is described by Planck’s law (1) (Jewett and Serway 2008).

I k;hð Þ ¼ 2phc2

k5 e hc=kkhð Þ � 1ð Þ ð1Þ

In (1), h Planck’s constant is (6.626 × 10−34 J s), c the velocity of light
(3 × 108 m/s), k the Boltzmann constant (1.381 × 10−23 J/K), λ the wavelength (µm)
and θ the temperature of the black body (Kelvin).

A black body absorbs all incident radiation. By consequence, the black body
emits radiation in all directions, which originates from its temperature only. The
total amount of energy emitted by the black body is described by the Stefan–
Boltzmann law (2). In this formula, the temperature of the black body is the only
variable (Eads et al. 2000; Jewett and Serway 2008).

W ¼ rh4 W=m2� � ð2Þ

where W the amount of energy emitted by the black body (W/m2), σ the Stefan–
Boltzmann constant (5.67 × 10−8 W/m2/K4) and θ the temperature of the black
body (Kelvin).

In reality, however, radiation emitted by ordinary objects originates partially
from its own temperature. The other part is reflected from the environment on the
surface or, in the case of transparent materials, transmitted through the objects.
Therefore, the Stefan–Boltzmann law needs to be adjusted (3) by a factor ε, which
symbolizes the emissivity of an object.

W ¼ erh4 W=m2� � ð3Þ

Fig. 1 Overview of the electric magnetic spectrum, based on Barreira et al. (2013)
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The emissivity of a material is a characteristic that expresses the ability of an
object to emit radiation originated from its own temperature. The emissivity always
has a value between 0 and 1 (Jewett and Serway 2008) and is described in (4)
(Dall’O 2013; Meola and Carlomango 2004).

e ¼ Wobj

Wbb
�ð Þ ð4Þ

Wobj symbolizes the energy emitted from an object with emissivity ε (W/m2),
whereas Wbb expresses the energy emitted from a black body with a temperature
equal to that of the object. The relation between the emissivity ε, reflectance ρ and
transmittance τ is described in (5). For opaque materials, τ is zero.

eþ qþ s ¼ 1 ð5Þ

With the help of a thermographic camera, radiation emitted from an object is
recalculated to a matrix of surface temperatures, which composes the IR image. The
calculation is described by the main law of thermography and involves all the
principles mentioned above (Dall’O 2013; Charlier 2007; FLIR Systems 2012).

Wtot ¼ e � satm �Wobj þ 1� eð Þ � satm �Wamb þ 1� satmð Þ �Watm ð6Þ

Wtot is the total radiation captured by the thermographic camera (W/m2),Wobj the
object radiation (with object temperature) (W/m2),Wamb the ambient radiation (with
the reflected temperature of environment) (W/m2), Watm the atmospheric radiation
(with atmospheric temperature) (W/m2), τatm the transmission of the atmosphere [−]
and ε the emissivity of the material [−].

The transmission of the atmosphere τatm symbolizes the amount of radiation that
the air between the camera and the objects transmits, which is dependent on the
relative humidity of the air and the distance between camera and object.
Fortunately, the wavelengths in which τatm equals 1 are in the range of 3–5 µm and
8–14 µm, the same ranges in which IR cameras operate. Consequently, (6) can be
simplified to:

Wtot ¼ e �Wobj þ 1� eð Þ �Wamb ð7Þ

Once the emissivity ε and the reflected temperature of the environment (to
calculate Wamb) are determined, the thermographer is ready to perform a thermo-
graphic survey with a reliable temperature measurement. The methods to determine
the emissivity and reflected temperature of the environment are described in ASTM
E1993-99a (2005) and ASTM E1862-97 (2002), respectively. Most building
materials have an emissivity above 0.90.
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2.2 General Boundary Conditions for an Optimal Visibility
of Building Pathologies with Thermography

With thermography, the variation in the surface temperature of building compo-
nents is easily visualized. In the case of thermal bridges, the deficiency becomes
visible when a large temperature difference across the building component is pre-
sent. Therefore, thermography is mainly applied in the winter season. Next to the
temperature difference between inside and outside, the emissivity of the surface and
reflected temperature of the environment, the weather conditions also have an
impact on the measured surface temperatures.

For example, Fig. 2a shows an infrared picture of a brick cavity wall, orientated
towards the east. At the bottom of the wall, higher surface temperatures indicate a
thermal bridge at the foundation–wall interface. The measurement was executed
before sunrise, under clear sky conditions. Figure 2b shows an IR image of the
same façade when the surface was exposed to sun radiance. On that moment, the
thermal bridge at the foundation–wall interface shows as a colder zone. This is
caused by the shadow of a neighbouring building. However, one can see that the
sun radiance clearly has an impact on the surface temperatures of the brick façade.
Because of the high heat capacity of the surface, the surface temperatures remain
higher than the steady state, even after clouds have appeared. Without notification
of this effect, building deficiencies can remain unnoticed.

The period of time in which the surface temperature of a building component is
influenced by sun radiation can be related to the thermal effusivity (8).

b ¼
ffiffiffiffiffiffiffiffi
kqc

p
J=m2 K

ffiffi
s

p� � ð8Þ

Fig. 2 Left A thermal bridge at the foundation–wall interface of the East facade, clearly visible
before sunrise. At the moment of the measurement, a temperature difference of 19 °C was present.
Right IR picture of the same façade, at 10 a.m. After sunrise, the façade was exposed to radiant
heat from the sun. Because of the heat capacity of the bricks, the outside surface temperature of the
construction remains influenced by the sun radiance by which thermal bridges can become
invisible
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In (8), λ is the conductivity (W/m K), ρ the density (kg/m3) of the material and
c the specific heat capacity of the material (J/kg K). Materials with a high thermal
effusivity act more as a heat storage medium (Hens 2012).

After sun or clear sky radiation, the surface temperature of a building component
is increased or decreased, respectively, compared to the steady state. The duration
of this deviation was studies for six different types of walls frequently used in
Belgium (Van De Vijver et al. 2014) (Fig. 3).

Figure 3 shows the period of time (horizontal axis) in which heavy clouded
weather should occur before it is possible to measure surface temperatures closer
than 0.5 °C from the steady state. The vertical axis shows the maximum temperature
deviation between the surface temperature under a specific weather condition and
under steady-state conditions. For a timber frame construction (U = 0.22 W/m2 K,
b = 32.40 J/m2 K√s), only four hours of heavy clouded weather is necessary to
measure surface temperatures close to the steady state. For a massive brick wall with
a thickness of 30 cm and inside insulation (U = 0.22W/m2 K, b = 2500.00 J/m2 K√s),
a period of 37 h with heavy clouded windstill weather is required before surface
temperatures close to the steady state can be measured.

In general, sun radiation is the main weather condition that should be avoided
before and during the assessment. The sun caused the highest surface temperature
deviations for all construction types (Fig. 3). Because the thermal effusivity is much
higher for a massive wall than for a timber frame construction, the period in which
the massive wall releases heat is much longer.

Consequently, sun radiation also has a negative impact on the visibility of
construction deficiencies with thermography. Consider, e.g., a thermal bridge in a
filled cavity wall (Fig. 4). During sun radiation, the surface at the thermal bridge

Timber frame

Filled cavity wall

Non-filled cavity wall

Brick wall (30 cm) 

with inside insulation

Warming up

(sun)

Cooling down 

(sky)

Isol= 0 kJ/m²
Isol= 2750 kJ/m²
Isol= 5600 kJ/m²
Isol= 8400 kJ/m²
Isol= 11400 kJ/m²

Fig. 3 Maximal external wall surface temperature deviation from the steady state and waiting
time for 6 types of building components. The horizontal axis shows the period of time in which
heavy clouded weather should occur before it is possible to measure surface temperatures closer
than 0.5 °C to the steady state
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heats up slower than the surface at the insulation. After all, the concrete in the
thermal bridge has a higher heat capacity and thermal effusivity than the insulation
in the cavity wall. Hence, the surface temperature differences disappear, and the
thermal bridge is no longer visible.

On the other hand, during a night with clear sky, the outside surface at the
thermal bridge will show higher surface temperatures because the concrete cools
down slower than the insulation. Consequently, a thermal bridge will be more
visible in clear sky conditions.

In some case, however, a heat source is necessary to visualize air or moisture
inclusions beneath a surface. Again, because of a different thermal effusivity, the
surface at the air inclusions will heat up and cool down faster. In the case of
moisture inclusions, the surface temperatures there will increase and decrease faster.
This technique is also called active thermography and is used for the inspection of,
e.g., stucco surfaces in monumental buildings or the surfaces of flat roofs (Fig. 5).

se,thermal bridge x

se,middle x

Fig. 4 Simulation model of a thermal bridge in a filled cavity wall, exposed to sun radiance. The
graph shows the current of the outside surface temperatures

4°C

70°C

Fig. 5 Left IR light bulbs can be used to create a radiant heat source for the inspection of a
membrane on a flat roof. Right After heating up the surface with the IR light bulbs, a colder area
becomes visible under the surface. This indicates that there is possibly water between the
insulation panels under the roof membrane
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For thermography for airtightness inspection, the thermal effusivity also has an
impact on the change in surface temperatures during the (de)pressurization test.
Depending on the weather conditions before and during the survey and the heat
capacity of the surface at the leak, the change in surface temperatures goes slower
or faster. In general, it is advised to perform thermography for airtightness
assessment at the inside of the construction to avoid additional external influences
(sun, wind). Next to that, in some constructions, e.g. cavity walls, it can be expected
that the air leak will remain invisible.

3 Thermography in Airtightness Surveys

3.1 The Change in Surface Temperature

Figure 6 illustrates an airtightness survey of a window–wall interface using IRT.
These pictures were taken from the inside, while the building was depressurized
with a constant pressure difference of −50 Pa. Cold air from outside infiltrated at the
window–wall junction, cooling down the surface locally.

Figure 6 shows the irregular purple pattern that changes in time. This typical
characteristic allows to distinguish air leakage spots from other building deficien-
cies such as thermal bridges. The latter have a geometrical form and a constant
surface temperature.

When the outside wind pressure is rather high and a sufficient temperature
difference between inside and outside is reached, the most important air leakage
spots can be visualized with a thermographic camera without the use of a pres-
surization fan. When one is interested to visualize also the smaller air leakage spots,
a pressurization fan is recommended.

20,1°C 17,7°C

-50 Pa, 10 min -50 Pa, 30 min

Fig. 6 IRT-survey at the inside of a window–wall intersection under a pressure difference of
−50 Pa. The image on the left is taken after 10 min, while the image on the right displays the
surface temperatures after 30 min. Blue spots are the coldest and white spots are the warmest zones
on the image. Due to the change in surface temperature, it is clear that this is an air leakage spot
and not a thermal bridge
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3.2 State of the Art

The current standards provide a set of recommendations for thermographic surveys.
For air leakage assessment, it can be expected that the temperature and pressure
difference between the inside and outside environment will play an important role.
However, rarely, a distinction is made between air leakage measurements and
thermal bridge detection with IRT. And when there are specific boundary condi-
tions listed, the standards mention various temperature differences (Table 1). These
standards also advise to depressurise the inspected building in order to spot air
infiltrations indoor.

In spite of the lack of clear guidelines in the standards, ongoing research
revealed the potential to analyse thermographic images in order to assess the
severity of air leakage spots. For example, in Kalamees (2007), airtightness mea-
surements of 32 of Estonian houses were analysed. First, the airtightness of each
building was measured using a standardized pressurization fan. Then, the typical air
leakage spots were determined using a thermographic camera in combination with a
pressurization fan, providing a negative pressure difference of 50 Pa. It appeared
that the typical air leakage places were ceiling–floor–wall interfaces, the window–
wall interfaces and the junctions of separating walls with the external walls or roof.
As mentioned before, the irregular shape of the temperature pattern reveals the
presence of an air leak. The impact of the air leakage spots were examined through
calculation of the temperature factor. This factor indicates the risk of condensation
(Senave et al. 1990).

In a second study, a first step towards quantitative airtightness measurements
using thermography was taken (Bérubé Dufour et al. 2009). Here, the experimental
set-up consisted of a pressurized box with a crack with known dimensions in the
middle of the box. With the thermographic pictures, the authors tried to make a
reconstruction of the geometry of the crack. A first method consisted of detecting
the edges of a deviating surface temperature pattern to derive the opening width and
length. In the second method, a correlation was developed between maximum
deviation and attenuation in the temperature pattern. This was suitable for smaller
widths.

Table 1 Overview of the standards that mention specific boundary conditions for an airtightness
survey with IRT

Temperature difference Pressure difference

RESNET (2012) >1.7 °C >10–20 Pa

ASHRAE Journal (Eads et al. 2000) >3 °C

BSRIA (Pearson 2011) >5 °C
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4 Design of Experiment: Ideal Pressure and Temperature
Difference

Because of the lack of clear guidelines for the pressure and temperature difference
between inside and outside, the first step consisted of determining these boundary
conditions for the laboratory and in situ measurements.

4.1 Characteristics of the Model

To simulate the impact of the pressure and temperature difference, an air leakage
path with a height of 1000 mm and a width of 10 mm was modelled along a
window–wall intersection in VOLTRA (Fig. 7). This simulation programme allows
to study 3D dynamic heat transfer using a finite element method (Physibel 2008).
The wall is composed of 15 mm of gypsum at the inside surface, 190 mm rein-
forced concrete, 100 mm insulation with thermal conductivity = 0.025 W/m K and
90 mm of masonry at the outside surface. The surface temperatures were simulated
along profile L0 in Fig. 7.

Both overpressure and underpressure were examined with changing pressure
differences from 20 Pa up to 100 Pa and changing temperature differences from 10 °
C up to 30 °C. Environmental factors such as the sun, wind and rain were neglected,
as IRT measurements for air leakage detection are usually performed indoor. The
power law formulation (9) was used to estimate the air flow rate entering the
building through the crack (NBN EN 13829 2001).

V ¼ C � DPN m3=h
� �

with C ¼ V50W

DPN � 1m m3=h.PaN
� � ð9Þ

where V is the air flow rate [m3/h], ΔP the pressure difference [Pa], C the air flow
coefficient [m3/(h Pa)] and N the air flow exponent [−]. In this simulation, the air

L0 

Air leakage path 

(width: 10 mm)

Outside
Masonry (90mm)

Insulation  λ=0,025 W/mK (100mm)
Reinforced concrete (190 mm)

Gypsum layer (15 mm)
Inside

Glass 

Wooden frame

1000 mm

1000 mm

Fig. 7 Simulation model of the window–wall interface to determine the ideal temperature and
pressure difference for the IRT-survey
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flow exponent was set to 0.66, as a standard value between 0.6 and 0.7 is suggested
in the standards (AIVC 1994).

The air flow coefficient C was calculated based on V50W, the maximal acceptable
air loss at the window–wall interface, which is 10 % of the overall building leakage
V50. For newly built detached residential buildings in Flanders, the average building
airtightness n50 is 6 h−1 (Van Den Bossche et al. 2012). Based on this observation,
the maximal acceptable air loss at the window–wall interface (V50W in (2)) was set
to 3.3 m3/hm at 50 Pa by which C was calculated. For example, for a simulation
model with a window–wall interface of 1 m at 50 Pa pressure difference, this gives
a C value equal to 0.25 m3/h PaN.

4.2 Pressure Difference

In Fig. 8, the temperature profile along L0 obtained with a pressure difference of 20
and 100 Pa is displayed. The temperature difference remained constant at 20 °C
during this simulation. It can be noticed that the pressure difference does not have a
significant influence on the course of the surface temperature. The inside surface
temperature at 0 mm from the air leakage spot was decreased with 2 °C after 10 min
when a pressure difference of 100 Pa was used. In the simulations with 20 Pa
pressure difference, the inside surface temperatures were decreased with 1 °C after
10 min.

The deviation between 20 and 100 Pa was only 1 °C after 10 min, and it
remained constant during the simulation (line after 30 min). Compared with the
absolute measurement accuracy of most IR cameras (±2 °C), it can be concluded
from this simulation that the amount of pressure difference is not significant for the
temperature change near the junction.

Fig. 8 The pressure difference has a limited influence on the surface temperatures near the joint.
At the air leakage spot, the resulting surface temperature difference between 20 and 100 Pa was 1 °
C throughout the whole period of depressurization in the models
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In practice, however, there is always a minor pressure difference present, often
increased by the wind. When this happens hours before the assessment, the decrease
of surface temperatures during a depressurization test will be limited (Sect. 5.3).

4.3 Temperature Difference

In a second step, the window–wall junction was simulated with temperature dif-
ferences of 5, 10, 20 and 30 °C. The indoor temperature and the pressure difference
in the model (Fig. 7) were kept constant at 20 °C and 50 Pa, respectively. The
outside temperature varied from −10 °C until 15 °C. Figure 9 shows the resulting
temperature profiles along L0, after 0 and 25 min. It can be seen that the temper-
ature difference has a much greater influence on the obtained surface temperatures
near the junction than the pressure difference, where the surface temperature drops
varied from 0.5 to 3 °C, depending on the temperature difference between inside
and outside. Based on this simulation model, a thermographic survey can be exe-
cuted with an indoor–outdoor temperature difference of 10 °C, when a surface
temperature drop of minimum 1 °C in 25 °C is premised.

For the visibility of an air leakage spot, it is clear that a pressure difference and
temperature difference are necessary for a clear surface temperature pattern on the
IR image and to see a change in the surface temperatures. However, concluding
from this simulation, only the amount of temperature difference between inside and
outside is an influencing boundary condition on the change rate of the surface
temperatures. Next to that, there are other influencing factors that have a larger
impact on the surface temperature change rate than the pressure difference and
temperature difference (Sect. 5).

With = 10°C

With = 20°C

With = 30°C

With = 5°C

Fig. 9 Effect of the temperature difference on the change in surface temperature. A minimum
temperature difference of 10 °C is advised when using IRT to assess air infiltration spots. With this
difference, a change in surface temperature of 1 °C after 25 min is obtained
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5 Influencing Factors of the Surface Temperature
Change Rate

A change in the surface temperature throughout the depressurization test indicates
the presence of an air leak (Fig. 6). But does this characteristic also give infor-
mation about the severity of the air leakage spot or the infiltration flow? To examine
the influencing factors of the change in surface temperature, a roof–wall and wall–
wall junction were simulated in VOLTRA (Sect. 5.1) (Physibel 2008). In these
models, it was possible to examine the impact of the width of the junction and the
joint assembly.

Of course, a simulation model is a simplification. In reality, an air leakage spot
leaves an irregular pattern and the air leakage flow is never a fixed value. Therefore,
laboratory measurements on the same roof–wall and wall–wall junction were
executed simultaneously (Sect. 5.2). Lastly, this research was completed with
in situ measurements, showing the impact of wind and dimensions of air leakages.
(Sect. 5.3).

5.1 Impact of the Geometry and Joint Assembly: Simulation
Models

5.1.1 Assumptions in the Simulation Models

To investigate the impact of the joint assembly and geometry on the surface tem-
perature change rate near the air leakage spot, a roof–wall junction and a wall–wall
junction were modelled in VOLTRA (Fig. 10). To model the air flows, a ventilation
path from the outside air (fixed at 18.5 °C) to the modelled air leak was determined.
The temperature of the inside air was fixed at 40 °C.

It is clear that these models are only a simplification of the reality. For example,
the infiltration air does not enter the indoor climate directly (Physibel 2008). Also,
the surface temperature pattern that originates from the infiltration air is in reality

Fig. 10 Left Roof–wall junction. Right Wall–wall junction. The air flow was a fixed value in the
simulations. Along the red lines on the figures, the simulated temperature profile was plotted
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irregular. In the simulation, this is a regular pattern. The air flow used in the
simulations is a fixed value, whereas in reality, infiltration air flows fluctuate
constantly.

As an input for the simulation models, the measured air flow through the
junctions was used, which was determined in the laboratory on a test house with
identical junctions (Sect. 5.2). The varying parameter was the air leak width, which
was alternately estimated on 0.5 and 1 mm. These widths directly influence the air
velocity and the convective heat transfer coefficient (CHTC) in the model.

Finally, to calculate the CHTC (10), the turbulent correlation for forced con-
vection was used (Loveday and Taki 2001). Using this correlation, the CHTC
varied under changing air flow velocities, of which the latter is related to the
changing dimensions of the air leak. Figure 11 shows the changing CHTC corre-
lated to the velocity of the air flow, calculated for leak widths of 0.5 mm. In the
wall–wall junction, the CHTC was lower due to lower air flows measured in
Sect. 5.2. When executing the simulation with a leak width of 1 mm, the air velocity
and thus the CHTC were decreased by half.

CHTCTurbulent ¼ 0:023 � R0:8
E � P0:3

r

� � � kair at 29 �C

hydraulic diameter

� �
ð10Þ

With RE ¼ q � hydraulic diameter � v
dynamic viscosity

� �
ð11Þ

In (10) and (11), Pr is the Prandtl number (−), λ the thermal conductivity
(W/m K), ρ the density (kg/m3) and v the velocity of the air (m/s).

In this simulation, we only wanted to study the impact of the air leakage width,
assuming the air flow rate is a fixed value for the measurements. Therefore, there
was only a correlated CHTC used for the surfaces inside the modelled air leak.
Across the inside and outside surfaces, the models had a uniform CHTC of
25 W/m2 K on the outside and 7.70 W/m2 K on the inside, while it is shown that the
CHTC at the outside surface increases proportionally to the height (Blocken et al.
2009). Also, the effect of corners on the CHTC was not taken in account. Finally,
the used correlation in this research was purely based on turbulent convection,
while in reality, the air flow shows both laminar and turbulent characteristics.

Fig. 11 CHTC (W/m2 K) correlated to the speed of the air flow, calculated with a leak width of
0.5 mm
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5.1.2 Impact of Thermal Bridges in the Joint Assembly

In Fig. 12, the resulting temperature profiles at the surface near the joint with an air
leakage width of 0.5 mm are displayed. It was observed that the temperature was
lower closely to the leak in the roof–wall junction (27.3 °C) than at the wall–wall
joint (31.8 °C) after 30 min. The same trend was observed in the laboratory
measurements (Sect. 5.2.3). However, the effect in the simulations was more likely
caused by a difference in insulation characteristic at the joints.

In the roof–wall junction, only a wooden beam with a conductivity of
0.180 W/m K formed the separating component between inside and outside. The air
infiltration path was also straight. On the other hand, the wall–wall junction was
more complex with two wooden slats and an insulation layer with a conductivity of
0.050 W/m K. The images in Fig. 13 show that the inner surface at the wall–wall
junction is higher before imposing a pressure difference, because of a better thermal
insulation.

40°C

Fig. 12 Simulated surface temperatures (°C) at 50 Pa pressure difference, simulated with a width
(w) of 0.5 mm (full line). These profiles are taken along the black line shown in Fig. 6

L1 L1

18°C

40°C

Fig. 13 Temperature distribution inside the simulation models, before depressurization. The
surface temperature in the roof–wall junction is already lower due to the high conductivity of the
wooden beam between the roof and wall panel
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5.1.3 Impact of Width of the Air Leak, Assuming a Fixed Infiltration
Flow

In the simulation model, a fixed air infiltration flow was assumed. By consequence,
the width of an air leak had a direct influence on the air velocity through the air
leak, which affected the CHTC and the resulting surface temperatures. Figure 14
shows the results of the wall–wall junction with a width (w) of, respectively, 0.5
and 1 mm, at different distances from the air leak. These surface temperatures were
derived from the model after 3 h of depressurization, in order to have the maximum
temperature change of the surface.

The surface temperatures showed that a more narrow width corresponded with
lower surface temperatures after depressurization, due to a higher air velocity and a
higher CHTC. The maximum difference in surface temperature between 0.5 and
1 mm width was 1.18 °C, at 100 Pa pressure difference near the air leak. At a
distance of 20 mm, the temperature difference resulting from both simulations was
similar (0.88 °C). Eventually, a wider air leakage spot will show a smaller decline
in surface temperature on the inside surface. Therefore, a large air leakage spot will
seem less severe than a narrow air leakage spot if they had the same air flow rate on
an IR image after a period of depressurization.

5.2 Impact of the Location: Laboratory Measurements

5.2.1 Test House Set-up

With the boundary conditions determined in Sect. 4, laboratory measurements were
executed on a small test house with a range of different air leakage spots. The test
house with 2.4 × 3.6 m2 ground surface was constructed with structural insulated
panels (SIP) in the laboratory (Fig. 15). The panels consist of a PUR insulation
layer with a thickness of 74 mm, covered on both sides with an OSB panel of

Fig. 14 Simulated surface temperatures of wall–wall junction. The horizontal axis shows the
different pressure differences, and the vertical axis shows the surface temperatures at 0, 20 and
50 mm distance of the air leak. The maximum difference between the simulated results with both
widths is 1.18 °C, at 0 mm from the leak with pressure difference 100 Pa
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12 mm thickness. The airtightness system adopted between two wall panels is
illustrated in Fig. 15 (right). It contains two small pieces of plywood, from which
the inside plank was covered with a grey PVC foam brace. The house had a lean to
roof with a maximum height of 3.959 m and a minimum height of 2.500 m. In this
chapter, a roof–wall and a wall–wall junction are discussed.

The test protocol consisted of 4 steps:

1. The test house was both pressurized and depressurized to determine the initial
air infiltration flow, according to NBN EN 13829 (2001). As pressurization
apparatus, a Lindab LT600 was used. The pressurization took place in steps
from 10 to 100 Pa, increasing the pressure difference level with 10 Pa. During
the first test, all junctions which were to be examined were left unsealed.

2. Inside the test house, the temperature was increased up to 40 °C using two
convectors. The temperature in the laboratory remained at 18.5 °C. The tem-
perature difference of 20 °C is sufficient to clearly detect air infiltration, as was
concluded from the simulations in Sect. 2. In order to mix the inside air and
avoid thermal stratification, a small fan was placed inside the test house.

3. Throughout a period of 30 min, the air infiltration at one junction was monitored
with a thermographic camera (Flir TB640x), secured on a tripod inside the test
house. While taking pictures, the inside of the test house was depressurized with
−50 Pa. Every 30 s, a thermographic picture was taken.

4. After completion of the thermographic measurements, the junction was sealed
and the test house was again pressurized and depressurized according to NBN EN
13829 (2001). After subtracting the measured air flow from the measured air flow
in step 1, the air infiltration flow at the examined junction was known.

For each junction, the whole procedure was repeated. Air flows through the
junctions were calculated by subtracting the measured air flows before and after
sealing of the examined joint. Evidently, the resulting flow rate was converted to
standard conditions concerning temperature, relative humidity and absolute

Fig. 15 Left Section of the roof–wall junction. Right Picture of the wall–wall junction with grey
PVC foam brace at the inside. The expected air infiltration path from outside to inside is indicated
with a green arrow
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pressure. In this chapter, only the results of the depressurization test were used in
the simulations, as the IRT images were made in this condition.

After each thermographic measurement, a time span of 20 h was respected to
raise the inside temperature at least 15 °C above temperature level in the laboratory.
This was realized with two convectors and one fan for mixing the inside air. This
time span also ensured the SIPs to attain a thermal equilibrium with the climate
inside and outside the heated test house.

As shown in Kalamees (2007), the temperature factor fRsi (12) is an interesting
tool to compare multiple air leakage spots.

fRsi ¼ hsi � he
hi � he

ð12Þ

In formula (8), θsi is the inside surface temperature measured with thermogra-
phy, θi is the temperature inside the test house (approximately 40 °C) and θe is the
temperature in the laboratory (approximately 18 °C). The inside temperature (θi)
was monitored with a Hobo-logger in the test house. The temperature in the lab-
oratory (θe) was also measured with a Hobo-logger, placed closely to the test house
in the laboratory.

5.2.2 Experimental Results

Figure 15 shows the configuration of the roof–wall and wall–wall junction in detail.
Without sealing, one can presume the roof–wall junction will not be airtight. The
amount of air through the roof–wall joint was 4.724 m3/hm at −50 Pa pressure
difference. The junction length measured 1.05 m. The other joints were sealed with
an airtight tape. The wall–wall junction was left open over the entire height of the
panel, which was 2.70 m. Despite the airtightness system in this joint, air flows up
to 1.444 m3/hm at −50 Pa pressure difference were measured. Table 2 shows the
results per pressure difference.

Table 2 Air flow per current metre (m3/hm) through the joints, calculated from the
depressurization tests by subtracting the air flow before and after sealing of the joint. Also, the
maximum and minimum possible air flow within the 95 % confidence interval is displayed

Δ (Pa) −10 −20 −30 −40 −50 −60 −70 −80 −90 −100

Roof–wall
(m3/hm)

1.438 2.402 3.240 4.007 4.724 5.403 6.054 6.680 7.285 7.873

V + s95 % 1.449 2.418 3.261 4.032 4.753 5.436 6.090 6.718 7.327 7.917

V − s95 % 1.428 2.385 3.219 3.981 4.694 5.371 6.018 6.641 7.244 7.829

Wall–wall
(m3/hm)

0.377 0.673 0.943 1.199 1.444 1.680 1.910 2.134 2.354 2.569

V + s95 % 0.442 0.794 1.121 1.432 1.732 2.024 2.309 2.589 2.863 3.134

V − s95 % 0.312 0.551 0.766 0.966 1.155 1.336 1.511 1.680 1.844 2.005
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Figure 16 shows the thermographic pictures of both joints after a pressure dif-
ference of 50 Pa was applied for a period of 30 min. The air infiltration pattern was
clearly visible at the roof–wall junction, due to the perpendicular placement of the
surfaces. The cold air brushes against the roof surface causing the surface tem-
peratures to decrease near the junction. This causes an irregular surface temperature
pattern. The wall–wall junction only showed traces of air infiltration in the lower
part of the joint. Due to the regular pattern, one might assume that this is a thermal
bridge in the wall–wall junction.

5.2.3 Analysis of Laboratory Measurements

In order to compare the thermographic measurements of both junctions, the tem-
perature factors (fRsi) at the surfaces near the joints were calculated. Next to that, the
effect of the air infiltration over time was visualized by subtracting the temperature
factors of subsequent thermographic pictures from each other (Fig. 17). This

Fig. 16 Left Roof–wall junction thermogram. RightWall–wall junction (indicated with an arrow).
Images taken at 30 min with −50 Pa pressure difference

Fig. 17 Change in temperature factor relative to the first image after 30 min. Left Roof–wall
junction. Right Wall–wall junction
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approach enabled to eliminate the impact of geometrical thermal bridges in the
construction. Only the effect of air flows was visible in the figures. Consequently, it
is possible to compare multiple IR images taken in slightly different circumstances
as it normalizes the measured surface temperatures.

Figure 17 shows the resulting diagrams of both junctions after 30 min. The red
zones are the most affected by the air leak.

In Fig. 17, one can see that the air infiltration pattern was far more outlined in the
roof–wall junction as compared to the wall–wall junction. This effect can of course
be explained by the air infiltration flow, which was larger at the roof–wall junction
(Table 2). Next to that, in this junction, the cold air brushed against the roof surface,
making the surface temperatures drop faster at locations further away from the joint.
Due to the perpendicular placement, the cold air caused an irregular pattern on the
IR image. In this case, the largest air leakage spot is indeed more visible on the
temperature factor diagram. However, in practice, it is shown that the change rate in
surface temperature is not representative for the dimensions of the air leak
(Sect. 5.3).

Concerning the wall–wall junction, one could presume that this joint is not
airtight based on the measured leakage flow. On the other hand, from the tem-
perature factor diagram, it seems that there is no air leakage spot at all. This shows
that not all air leakage spots have an influence on the surface temperature.
Therefore, it is not possible to visualize and quantify all air leakage spots with
thermography.

In this particular case, the air leakage flow in the wall–wall junction entered the
interior at the end sides of the wall–wall joint. The cold air infiltrates in the ends of
the junction, passing the airtight PVC brace to the inside surface. By consequence,
the lower and upper end of the wall–wall junction was affected by the infiltrating
air.

5.3 Impact of Wind and Large Air Leakages in Reality:
In Situ Measurements

In this research project, two case studies were executed in order to test the con-
clusions from Sects. 5.1 and 5.2 in practice. Case 1 showed that it is impossible to
assess the severity of air leakage spots because of the wind prior to the survey. The
surface temperature near an air leakage spot was already influenced by the cold air
that infiltrated before the start of the survey. By this, the surface temperatures did
not change further during a depressurization test. Air leaks in inner corners (e.g.
Fig. 18) will be visible even before the depressurization test started (Dewulf and
Goetelen 2015).

In a second case study, the effect of a large air leak causing an irregular pattern
was compared with a small air leak that was only detected through depressurization.
In this case, it was again shown that the surface at large air leakages does not
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decrease much in temperature during the depressurization test. But in contrary to
the simulation model, the surface temperature remained nonetheless constant
because the surface was already adapted to the constant infiltration of cold air prior
to the survey. A small air leakage spot in the same building kept decreasing in
surface temperature throughout the whole test (Dewulf and Goetelen 2015). Again,
all these effects make it practically impossible to estimate an air leakage flow on
surface temperature change alone.

5.3.1 Case 1: Effect of Wind During the Survey

The first case study was situated in a high-rise residential building. An apartment on
the 5th floor was heated to 25 °C before the test. The outside temperature was on
average 10 °C during the inspection. The pressurization test was executed with a
Blowerdoor (230V).During the test, thewind velocity reported from aweather station
nearbywas 3.35m/s from a reference height of 10m, coming from the north east in the
hours before and during themeasurement. Note that the yearly average referencewind
velocity is 4m/s.All inspectedwindowswere on the north-east side of the building and
thus on the windward side of the building (Dewulf and Goetelen 2015).

Air leakages that cause an irregular pattern are then directly visible from the
inside. The air leakage spot in Fig. 18 was already visible when entering the
apartment on the 5th floor. Depressurizing the building further had no use, as the
surface temperatures near the air leak were already influenced by the cold wind and
had reached a thermal equilibrium. There was no significant change in surface
temperature pattern after 20 min of depressurization at 20 Pa pressure difference
(Dewulf and Goetelen 2015).

5.3.2 Case 2: Large Versus Small Air Leakage Spots

The second case was located in a small residential building, situated in a courtyard
in an urban environment. The building was heated to 23.3 °C, while the outside

Start 4 min 20 min

18,3°C18,5°C 18,4°C

Fig. 18 All pictures were taken with ε = 0.90 and reflected environment temperature of 19 °C.
There was no change in the pattern visible, but due to the irregular shape, this was clearly an air
leakage spot
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temperature was 5 °C. The building was shielded from wind, due to its location in a
courtyard.

Figure 19 shows the monitoring of a large air leak during a depressurization test
at −20 Pa pressure difference. The air leak was visible with the eye. Figure 20
shows the monitoring of a small air leakage spot at a window, during the same
depressurization test. Before imposing a pressure difference, the surface at the large
air leakage was already influenced by the cold air that constantly infiltrates through
this spot. In Fig. 20, on the other hand, no traces of an air leakage were visible on
the infrared image before the depressurization test. It was only after the depres-
surization test that it became clear there was an air leak at the window–wall
interface.

17,2°C

Start

4 min 20 min

15,4°C
15,2°C

26°C

14°C

Fig. 19 Infrared images under −20 Pa pressure difference of a large air leak, visible with the eye.
After 4 min of depressurization, the surface temperatures remained nonetheless constant. All
pictures were taken with an emissivity of 0.90 and reflected temperature of 20.0 °C

Start 4 min 20 min

22,0°C 20,9°C 19,3°C

Fig. 20 Infrared images under −20 Pa pressure difference. All pictures are taken with ε = 0.90 and
reflected environment temperature of 19 °C. The surface temperatures kept decreasing until the end
of the test
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When comparing Figs. 19 and 20, it can be seen that the temperature decreased
faster at the small air leakage. In contrast, at the large air leakage spot, the surface
temperature remained nonetheless constant after 4 min (Dewulf and Goetelen
2015). This again shows that it is practically impossible to assess the severity of air
leakage with the change rate in surface temperatures.

6 Conclusions

Thermography is an interesting tool for the detection of construction deficiencies,
e.g. thermal bridges, moisture and air inclusions and air leakage spots.
A thermographic camera receives the infrared radiation emitted by the surface of a
building component. With the emissivity of the building component and reflected
temperature of the environment as input, the camera calculates the surface tem-
peratures and generates an image by which the building pathology is visualized.
Additional, the weather conditions and thermal effusivity have a large impact on the
visibility of building pathologies. Because of the thermal effusivity, the surface at a
building pathology heats up faster or slower. For example, under sun radiance, the
temperature difference diminishes and the building pathology will no longer be
visible with an infrared camera.

Nowadays, thermography is often used in combination with a pressurization fan
to identify the exact location of the air leakage spot. Although the current standards
give little to no information about the boundary conditions necessary for this kind
of survey, ongoing research revealed the possibility to go further than visualization
only. An air leakage spot is characterized by the change in surface temperature
during a (de)pressurization test. Therefore, is it possible to assess the severity of an
air leakage with the change rate of surface temperatures? To examine the influential
factors of this change rate, simulations, laboratory and in situ measurements were
executed.

Firstly, in order to determine the ideal pressure and temperature difference for
the measurements, a window–wall intersection was modelled in VOLTRA
(Physibel 2008). It was found that the temperature difference should be at least 10 °
C to observe a sufficient change in surface temperatures within a reasonable amount
of time. In the simulation in Sect. 4, the surface temperature decreased 1 °C after
25 min with a pressure difference of 20 Pa and a temperature difference of 10 °C.
Next to that, the amount of pressure difference has no influence on the surface
temperatures change rate. In reality, the surface near an air leak is constantly
influenced by cold infiltration air, due to the minor natural pressure difference. In
practice, imposing a larger pressure difference is sufficient to make air leaks visible
with IRT.

In the second step, the influencing factors of the surface temperature change rate
were examined. Through simulation of a roof–wall and wall–wall junction, the
impact of air leakage width and assembly was researched. It is shown that the
geometry of the joint plays a major role in the surface temperature change near the
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joint. When a fixed air infiltration flow is assumed, large air leakages cause lower
air velocities through the leak and lower CHTCs at the surfaces in the leak. Next to
that, large air leakage spots also work as a thermal bridge. The surface temperature
is already lower before a pressure difference is imposed, and by consequence, only
the surface temperatures show minor changes during the depressurization test.

In the laboratory, the roof–wall and wall–wall junction were also compared. Air
leakage spots in an inner corner (roof–wall) leave an irregular pattern on the sur-
faces nearby, whereas an air leakage spots in the plane (wall–wall) only moderately
influence nearby surfaces. In this particular case, the air leakage flow originated
from the end sides of the junction.

Finally, in situ measurements showed the influence of wind and the width of air
leakage spots on the change in surface temperature, monitored with IRT. The wind
makes air leakages in the corner visible before the survey. By consequence, during
a depressurization test, the surface temperature hardly changes. Next to that, at large
air leakage spots, the change rate is much slower because the surface there is
already influenced by cold air that is infiltrating constantly.

All these influencing factors render it impossible to derive an air leakage flow or
even assess the severity with the surface temperature change rate. Although this
method seems to have the potential for quantitative analysis of the buildings air-
tightness, it is not possible to derive the air infiltration flow from IRT-images.
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Evaluation of Moisture Transfer
to Improve the Conservation
of Tiles Finishing Facades

Silvia Erba, Bruno Daniotti, Elisabetta Rosina, Antonio Sansonetti
and Riccardo Paolini

Abstract The research of methodologies and tools to improve the durability of
building components has the aim to find out the strategies to increase the service
life, minimizing the environmental impacts. The paper refers on clinker facades,
especially after the repairs of mortars due to severe damages. The authors achieved
on-site investigations on a prominent study case in Leonardo Campus, at
Politecnico di Milano, and laboratory tests to study the interaction between mois-
ture and cement mortars, the decay effects, and the protective treatments to improve
the mortar durability. The research sharpens the methods for the evaluation of water
absorption and moisture transfer in external building components and proposes
possible strategies of intervention. The methodology focuses on the characterization
of the water behavior in mortars by different tests, the experiments in laboratory on
mortars samples, to study the hygroscopic and capillarity absorption properties, and
on site, through visual analysis and nondestructive techniques. The researchers
studied a water-repellent protective treatment to apply on the finishing surface and
evaluated it in terms of water-repellent efficacy, compatibility with the substrate,
vapor permeability, and color stability. The investigations provide input data, useful
for simulating the moisture transfer, validating the experimentations, and modeling
the physical mechanisms, which occur on the façade. In addition, the method
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analyses also the optical characteristics of the surface, with the aim to detect any
change due to the application of further protective treatments and for aging process.

Keywords Moisture � Cements � Mortars �Water-repellent treatment � Durability

1 Introduction

The research of methodologies and tools to improve the durability of building
components aims to find strategies to increase the service life, minimizing the
environmental impacts (Nicolella 2003).

For existing buildings, the residual service life is the time span remaining after
considering a specific moment. To assess the residual service life of an inspected
building or component is crucial to reconstruct its conservation history, i.e., data on
the original performance values, information on the installation, maintenance,
trends of deterioration, etc.; several difficulties and the lack of information
regarding the initial state prevent the complete achievement of this task. The pro-
cess of assessment of the residual service life allows also to plan the remaining part
of the service life, the performance levels to maintain equal or higher than the
accepted threshold of the decreased service (Daniotti 2009).

As regards the listed contemporary buildings, a mandatory issue drives to the
preservation of the original materials and features, together with keeping the
residual service life of their components and system; therefore, the preservation
criterion overcomes the functional criterion of maintaining the performance level by
replacing the components before the end of their service life.

Therefore, the evaluation of risk factors and damage processes is the most
important step for preventing decay, planning the effective routines for the early
detection of anomalies, and constantly protecting the weakest part of the system.

The paper refers to a research aimed at improving the durability of clinker
facades, especially after the repairs of mortars after severe damages. The authors
achieved on-site investigations on an important study case in Milan and laboratory
tests to study the interaction between the moisture and cement mortars, the decay
effects, and the treatments to improve the mortar durability.

2 Planning Conservation Works in Humid Environment

The facades cladding is composed of cement mortar layers on which clinker tiles
are applied. Therefore, the complete system of finishing includes the superimpo-
sition of mortar layers with different compositions and surface morphology.
Moreover, the line between the tiles edges and the mortar constitutes a possible gap
in the outer layer and therefore a vulnerable line for the infiltration of water, and it
increases the risk of triggering damages.

172 S. Erba et al.



The application of water-repellent treatments on the mortar is a new frontier for
the conservation plans of cultural heritage. The protective treatment has the
requirement to guarantee a hydrophobic performance, reducing the presence of
water on the surface and near-surface regions. At the same time, a proper protective
layer guarantees the water vapor permeability (Amoroso and Fassina 1983). These
treatments slow the transformations of the materials due to the decay processes,
caused by aggressive external agents, and the imbalances in the boundary
conditions.

The researchers tested two different mortar mix designs based on cement, per-
forming several tests to evaluate the water transport phenomena and the radiation
properties. At a second step, they applied a water-repellent polymeric treatment on
the mortar surface; after an appropriate curing time, they repeated the same tests.

In other words, the authors evaluated the water-repellent effectiveness through a
series of laboratory tests and computer-based simulations, including the evaluation
of the compatibility with the substrate, the color variations, and the permanence of
the vapor permeability. A further step of the research will include the assessment of
the durability of the system substrate/polymer through accelerated aging cycles
varying temperature, relative humidity, and solar irradiance and also the investi-
gations on the real site.

3 Case Study

3.1 Città Studi, Sustainable Campus; Monitoring
the Klinker Facades

The case study here presented is a building inside the “Leonardo Campus,”
Politecnico di Milano, see also Fig. 1, on which the researchers assessed the state of
conservation within the research “Città Studi, Sustainable Campus.”1 The Campus
is representative of many typologies of contemporary buildings. The study case has
an exterior cladding system of tiles. The facades materials, exposed to excessive
rainwater infiltration or critical moisture content, show a visible damage and have a
consequent reduction of their durability. Scientific literature reports the prediction
about exterior finishing and cladding systems service life and the use of degradation
models (Sousa 2008; Emídio 2012). In each case study, the phase of diagnostic
knowledge represents an essential step aimed at the definition of the correct
strategies of intervention to prevent the occurrence of failure and maintain, manage,
and valorize the building components.

The researchers developed and validated the investigative procedure on some
buildings with tiles cladding systems (buildings n 12, 14, 15, see Fig. 1), and later,
they applied the procedure on buildings with plaster finishing (buildings n 1, 2, 3).

1http://www.campus-sostenibile.polimi.it/home.
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Stoneware tiles cladding is a diffused rendering practice in Italy since the 1950–
1960s, due to the good wear resistance, high temperatures stability, hardness,
tenacity, and thermal inertia. Moreover, the durability of the ceramic materials, their
low cost, and low sensitivity to the effects of pollution are some of the reasons of
their application in the middle-southern region of Europe (Velosa et al. 2011). After
50 years of usage, the façades present a severe decay pattern, such as delaminations,
missing tiles, and discoloration; this is due to the action of atmospheric agents, loss
of adherence at the interfaces tile/mortar/support, and the absence of a correct
maintenance. Giò Ponti, one of the most famous architects of 1950–1980s, designed
some buildings in the Campus, and at present, their facades urgently require
maintenance. The assessment of these façades is an important issue both for the
economic aspects related to the costs of maintenance and for the repair project that
deals with contemporary buildings having high historical–artistic value. From this
side, preserving the authenticity of the building is a critical issue. At the current state
of the debate, restorers generally accept that the repair should be clearly identifiable
from a short distance. On the contrary, a “mimetic” solution, with the substitution of
materials and elements with new ones “a l’identique,” is a practice that does not fit
the conservation requirements. Therefore, the need to limit as much as possible the
substitution rises up, preventing the damage by reducing the risk factors (environ-
ment, building techniques, use, lack of maintenance, etc.) by monitoring the
degradation phenomena evolutions, and by means of a conservation plan.

Delamination, as defined by ICOMOS glossary (International Scientific
Committee 2008), is the detachment process affecting laminated stones. It

Fig. 1 Map of Leonardo
Campus
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corresponds to a physical separation into one or several layers following the natural
cleavage present in the stone. This definition, applied to artificial stone materials as
mortars or cladding systems, regards the adhesion defects, and after that, decay
mechanism creates an air gap at any interface.

The most frequent cause regards infiltrations inside the structure, the water
evaporation, and the crystallization of soluble salts inside the pore matrix. The
growth of salts inside the finishing causes the detachment of the exterior layers due
to the mechanical stress.

Therefore, it is important to localize and map the presence of these defects for
the activation of maintenance. The assessment costs mainly depend on renting
elevators/forklift truck or scaffolding; therefore, the use of remote testing, that does
not require to touch the surface, implicates a strong reduction of costs.

Infrared thermography (IRT) techniques fully proved to be suitable at this aim
(Maldague 2001).

IRT monitoring allows to check the results also after the repair, through mon-
itoring and assessment of new delaminations.

This technique has already shown its critical points. The presence of chromatic
alterations on the façade, obstructions and shades, different reflectance, and local
lacks of homogeneities can mislead the pathologies identification.

The use of IRT can be at transient or steady-state conditions: in the case of
adhesion problems, it is fundamental to create a temperature transitory to visualize
the map of the state of adhesion on the façade (Caglio et al. 2011; Ludwig et al.
2012). With this procedure, it is possible to evaluate a thermal gradient between
sound and detached areas. Natural or artificial sources of heating successfully
generate the proper thermal gradient for detecting the delamination. The researchers
validated the results also by numerical simulation through WUFI® software (De
Freitas et al. 2014) (Fig. 2).

Fig. 2 Distribution of the
characteristic thermal gradient
due to detachment in tiles
cladding systems as a function
of the orientation
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3.2 Description of Building 12 and Diagnostics of the State
of Conservation

Building 12 has an exterior stoneware tiles cladding (Fig. 3, left). The ceramic
elements, flamed at high temperature (producer Italian Society of Grès, now
Italcementi s.p.a.), are no longer under production. The body of the material is
compact, and the superficial layer presents the typical glaze obtained through a
vitrification while firing; the glaze thickness is around 50 µm, except for the corner
tiles where it is enhanced at 150 µm (Fig. 3, right). The underneath layer is a
cement mortar bedding 4 cm thick.

IRT was used after 2 h of solar heating on building 12. The thermal anomalies
due to clinker tile delaminations were the target of the investigation.

This time span permitted to obtain the better contrast between delaminated areas
and sound ones.

Cladding thickness and thermal characteristics, the presence and depth of
defects, and environmental conditions (air T and RH, wind speed, solar irradiance)
play a prominent role in the heat diffusion through the cladding itself.

As a result of the surveys phase, a series of pathological failures have been listed
and classified according to the associated damage. The most spread and severe
damage resulted the detachment, since it represents a source of danger in particular
in the case of public buildings, such as a university; hence, the delamination
requires a timely intervention for safety reasons (Re Cecconi 1996).

Fig. 3 Building 12 in Campus Leonardo (left); details of the tiles of building 12 (right)
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Incorrect design and application are supposed to cause the majority of detach-
ments and missing tiles. The areas where design errors caused the damages are
mainly located close to the windows: the loss of adherence could be due to water
infiltrations through the sill and the mullions, in the junction between the wall and
the window frames. Rainwater can remain stagnant at the top of the window frames,
because of the profile insufficiently leaning, causing the corrosion of the steel
frames. Execution errors mainly deal with the mortar and to its high thickness
(around 3–4 cm) where the several layers are not always adherent to each other’s.

Cracking are also supposed to be mainly related to unsuitable design and
application, because of the excessive shear stresses between tiles and support (due
to the lack of the expansion joints) and the wrong choice and laying of the adhesive
and substrate.

In addition to the IRT scanning and thermal analysis, the researchers completed
the diagnostics by analyzing some samples of the facades materials and their decay
products. Microscopic observations confirmed that the body of the tile is a compact
ceramic material, very similar to earthenware, and the tiles have a finishing glazed
layer; corner tiles do not differ from the others. EDS analyses of mortar samples
resulted a common cement binder and sand as aggregate.

4 Moisture and Protective Treatments

4.1 Moisture Transport Mechanisms and Damages

The penetration of water in the structures causes a general decrease of their
mechanical performances, depending on the absorption ability of the materials and
their level of soaking (Coppola 1996). The causes of damage range from mobility
of soluble salts, their crystallization inside the pores structure, freeze and thaw
cycles, hydric expansion, and biological growth. Damage is located mainly on the
surfaces (exfoliation, pulverization, efflorescence); otherwise, it can reach the bulk,
causing cracks even across the section of the walls depending on the time of
weathering exposure, the typology of building material, and the thickness of
masonry. National and international standards provide the appropriate procedures to
measure the specific parameters, which are helpful to evaluate the physical decay
mechanisms and kinetics. In fact, the source of water infiltrations, their path into the
structure, and their transport cycles in a short time determine the potential
increasing of the existing damage.

Because of the previous surveys and analysis, the researchers chose two cement
mortars (CEM I and IV) for bedding and prepared 36 specimens (18 of each type;
dimensions 5 × 5 × 2 cm) for the laboratory investigations.
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4.2 Consolidation and Protective Treatments

The use of consolidation and water-repellent treatment on natural stones is well
known (Toniolo et al. 2002; Tsakalof et al. 2007). Many different organic com-
pounds have been used as coatings for building materials (Horie1987; Amoroso and
Camaiti 1997) such as natural and synthetic waxes, acrylic resins, siloxanes per-
fluoropolyethers, fluorinated polyolefin, and fluoroelastomers. These different
polymeric materials have been often used without an adequate knowledge of the
properties of the polymer/stone system; therefore, the application did not reach an
optimal formation of the final system. As a result, the treatment resulted not sat-
isfactory for the insufficient protection effectiveness and/or the permanence on the
substrate.

The term protective treatments identifies a range of products, materials, and
structures, which play a defense action on building components against natural
weathering or human actions. Systems, materials, and procedures can achieve the
protective function, based on both active and passive interventions. The passive
protection prevents the beginning of a process of degradation, acting on the causes
of the degradation and/or around the component. This category includes screens,
roofs or barriers (provisional or definitive), canopies, flashings, and overhangs. The
active protection consists in the application of products on the surface to improve
(reach) the water repellency of the protected matter. Hence, the protective treat-
ments seek to slow the probability of transformations of the materials, because of
aggressive external agents transported by water and imbalance with the surrounding
environment.

In some cases, the protective products display properties similar to those of the
ones under protection; nevertheless, their first requirements is to ensure water
repellency and water vapor permeability.

The water repellency reduces the absorption of water into the material porosity.
A good permeability allows the water vapor to pass through the material, avoiding
any “barrier effect” which should accumulate water in a localized area.

4.2.1 Siloxane Treatments

Among the different protective products available on the market at present, the
experimentation focuses on siloxanes, which are used since 1960 on natural stone;
despite the application since a long time, less investigation focused on their
application on artificial materials (Maravelaki-Kalaitzaki 2007; Allen et al. 1992).
Siloxanes are organosilicon compounds; they form usually the backbone of the
so-called silicones, and they are able to impart water repellency when applied to any
surface. They show their chemical stability due to the Si–O bond. Once cured, they
abate the penetration of water inside the pore structure, allowing a good water vapor
permeability. Moreover, they are stable at atmospheric agents and do not change the
substrate color, and they are not toxic. Nevertheless, there are also negative aspects,
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among which the scarce durability in the presence of sulfur dioxide (Mavrov 1983).
The researchers chose the product CTS SILO 111, which substituted the less recent
CTS 111, due to its common use in the restoration field (Fig. 4). Moreover, a vast
bibliography exists, and it supports the study of its performances in several different
conditions, comparing their performances with the ones of other products.

Different parameters affect the choice of a protective treatment:

– water-repellent effectiveness,
– chemical inertia with respect to the substrate,
– long-lasting vapor permeability,
– resistance to thermo-hygrometric variations,
– heat resistance,
– UV aging resistance, and
– penetration ability.

Erba (2015) refers about many investigation on the water-repellent effectiveness
through a series of laboratory tests and computer-based simulations, the compati-
bility with the substrate and the chromatic alterations, and the permanence of the
vapor permeability after the application of the product, all evaluated at the so-called
time t0 (after the curing of the polymeric treatment). In the following, the authors
present and discuss the results of the laboratory tests and simulations.

4.3 Treated Mortars Properties for the Protection
of Humid Walls

According to the German standard DIN4108-3 (Künzel et al. 2004), adequate
plaster and protective layers for the protection of humid walls must present the
following properties:

Fig. 4 Application of the water-repellent siloxane treatment on the outer surface of cement mortar
samples (CEM I and IV)
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– water vapor diffusion-equivalent air layer thickness (Sd) lower than 2 m,
– water absorption by capillarity (A) lower than 0.5 kg/m2 h0.5, and
– product of Sd and A lower than 0.2.

To fulfill these requirements, the authors tested different mixture for mortars by
performing absorption tests such as the absorption by capillarity and the water
vapor transmission tests. After this first step, they placed on the mortars’ surface a
water-repellent polymeric liquid treatment, and the tests were repeated.

5 Experimental Setup, Tests for the Characterization
of Water Transport Phenomena, and Radiation
Properties of Treated/Untreated Samples

The first step of the experimental research concerned the characterization of the
water transport phenomena. The specimens for each type of mortars, having
dimensions 5 × 5 × 2 cm, were tested before and after the application of the
protective treatment. The second part reports the results of the color and solar
spectral reflectance test.

List of the laboratory tests:

– hygroscopic absorption (UNI EN 12571),
– water absorption by capillarity (UNI EN 15801),
– water absorption by partial immersion (UNI EN ISO 15148),
– long-term water absorption by immersion (UNI EN 12087),
– water vapor transmission (UNI EN ISO 12572), and
– color measures (UNI EN 15886).

In the following, the paper shows the adopted procedures and the results for the
tests, underlying the differences between untreated and treated samples. In fact,
after the first phase without the treatment, the researchers repeated the tests on the
samples with SILO 111 CTS in white spirit 10 %, (applied by brush until reaching
the condition of surface saturation). They left the specimen at laboratory conditions
(T 22 ± 3 °C; RH 50 ± 10 %) for 30 days to guarantee the complete curing of the
polymeric product, according to the UNI 10921.

5.1 Hygroscopic Absorption

The absorption test was executed in a climatic chamber, according to UNI EN ISO
12571 (2001) (Daniotti et al. 2014a, b) (Fig. 5). The researchers could not obtain
the sorption curve values at relative humidity >90 % due to the technical features of
the climatic chamber. The missing values will be obtained in the following part of
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the research, through long-term water absorption by immersion (UNI EN 12087
thermal insulating products for building applications).

Observing the curves is possible to remark the reduction of the moisture content,
due to the presence of the product: the tests performed on the specimens resulted
with a high difference, and the moisture content decreases from around 70 to
20 kg/m3.

5.2 Water Absorption by Capillarity

The researchers determined water absorption by capillarity applying the standard
UNI EN 15801 (2010) (Fig. 6).

Fig. 5 Relative humidity–moisture content mass by volume (untreated specimens: left; treated
specimens: right)

Fig. 6 Curves of capillary water absorption for cement mortars (untreated specimens: left; treated
specimens: right)
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The diagrams show that the siloxane treatment causes an abatement of the
absorbed water. Table 1 shows the value of the absorption coefficient for the
different mortars.

It is possible to notice that for both the mortars, the coefficient decreases from
untreated to treated mortars. The test result on CEM IV shows the highest reduction
in terms of AC value.

5.3 Water Absorption by Partial Immersion

The researchers compared the water absorption values obtained by capillarity and
by partial immersion, determining the water absorption coefficient by partial
immersion, according to the UNI EN ISO 15148, 2003. The samples were sealed
with a sealant to prevent bypassing of the coating.

The main interest of this test was to find out the differences between the AC
value and Aw value, since the thermo-hygrometric simulations in WUFI require the
results from partial immersion tests.

Figures 7 and 8 show a faster absorption of water (see the darker color of the
surface) in the specimens of CEM I with respect to the ones of CEM IV. After
40 min, the water reaches the outer surface.

The water absorption by partial immersion showed results very similar to those
performed through capillary tests. The curves have the same trend, and the

Table 1 Capillary water absorption coefficient for the mortars specimens (untreated–treated)

Type of
mortar

AC (kg/m2 s0.5) before
treatment

AC (kg/m2 s0.5) after
treatment

ΔAC (kg/m2 s0.5) before–
after treatment

CEM I 0.065 0.002 0.063

CEM IV 0.100 0.003 0.097

Fig. 7 In each photo, the samples on the left of the basin are untreated, and those on the right are
treated. In the photo on the leftCEM I specimens after 5min and in the photo on the right after 40min
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application of the water-repellent treatment reduces the water absorbed from 5–
6 kg/m2 to 1–2 kg/m2 (Fig. 9).

Table 2 shows the values of the water absorption coefficient for the two cement
mortars. Table 3 shows the differences in terms of water absorption coefficient
between the values obtained by capillarity and by partial immersion.

The coefficients obtained by partial immersion are always higher than those
obtained by capillarity. This is probably because the specimens’ surfaces are

Fig. 8 In each photo, the samples on the left of the basin are untreated, and those on the right are
treated. In the photo on the leftCEMIVspecimens after 5min and in the photo on the right after 40min

Fig. 9 Curves of water absorption by partial immersion for cement mortars (untreated specimens:
left; treated specimens: right)

Table 2 Water absorption coefficient by partial immersion for the mortars specimens CEM I and
CEM IV (untreated–treated)

Type
of mortar

Aw (kg/m2 s0.5)
before treatment

Aw (kg/m2 s0.5)
after treatment

ΔAw (kg/m2 s0.5)
before–after treatment

CEM I 0.125 0.003 0.122

CEM IV 0.139 0.005 0.134

Evaluation of Moisture Transfer … 183



directly in contact with water in the test of absorption by partial immersion, while in
the test by capillarity, there is a layer of interposed paper. The differences between
the two coefficients are negligible when considering treated samples, while for
untreated samples, in particular for CEM I, the difference is quite significant.

5.4 Determination of Water Vapor Transmission Properties

The researchers tested the specimens following the standard UNI EN 15803, 2010,
after the desiccation at 60 °C until reaching constant mass, to avoid alterations,
especially once applied the water-repellent treatment (Fig. 10).

Table 4 shows the results of the mean values of water vapor resistance factors for
the different types of mortars before and after the application of the siloxane
product.

It is possible to notice that the values with and without the water-repellent
treatment are almost equal, and therefore, the application of the product SILO 111
on cement samples does not add resistance to the flow of vapor.

Table 3 Differences between the water absorption coefficients by capillarity/partial immersion for
the mortars specimens (untreated–treated)

Type of
mortar

Aw
(kg/m2 s0.5)
before
treatment

Aw
(kg/m2 s0.5)
after
treatment

AC
(kg/m2 s0.5)
before
treatment

AC
(kg/m2 s0.5)
after
treatment

ΔAw-AC
(kg/m2 s0.5)
before
treatment

ΔAw-AC
(kg/m2 s0.5)
after
treatment

CEM I 0.125 0.003 0.065 0.002 0.060 0.001

CEM IV 0.139 0.005 0.100 0.003 0.039 0.002

Aw water absorption coefficient by partial immersion
CA water absorption coefficient by capillarity

Fig. 10 Preparation of the sample for the evaluation of water vapor transmission properties: The
images shows the cement samples placed in a container of deionized water
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5.5 Determination of Long-Term Water Absorption
by Immersion

The determination of long-term water absorption by immersion has been performed
following the standard UNI EN 12087, 2013.

The researchers studied the coefficient of long-term water absorption by
immersion only for untreated cement samples. The long-term water absorption by
total immersion is determined by measuring the change in mass of the test speci-
men, totally immersed in water, over a period of 28 days (Table 5).

Figure 11 shows the long-term water absorption by total immersion.

5.6 Color Test

The color measurement has the aim to evaluate the chromatic alterations caused by
the application of the water-repellent treatment SILO 111 on the mortar specimens.

The researchers carried the measures out according to the standard UNI EN
15886, 2010. The method is based on the reflectance measures, which express the
color as a number. Colors are represented in a solid or “color space” in which each
point is univocally defined by three spatial coordinates to which correspond a
defined color of the visible spectrum.

Table 4 Water vapor
resistance factor for
untreated/treated samples

Type of
mortar

μ [–] before
treatment

μ [–] after
treatment

CEM I 13 14

CEM IV 10 12

Table 5 Long-term water
absorption value Wf by total
immersion

Specimen Wf (kg/m
3)

CEM I 224.7

CEM IV 260.7

Fig. 11 Long-term water absorption performed on cement samples
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In this test, the system of measurement of the color is the CIE L*a*b* (1976)
according to the Commission Internationale de l’Eclairage (1931). The system is
based on the mathematical transformation of the CIE space in a three-dimensional
Euclidean space.

The variable L* represents the measure of the brightness in a range from 0 to
100; a* and b* are the coordinates of the point of color in a Cartesian plane. Their
values can be positive or negative, or can be equal to zero for both values for a
neutral color (white, gray, black). The measurement was taken with a colorimeter
Minolta Cr-200. The test procedure involves 25 measures for each specimen. The
values of L*, a*, and b* are the mean values of the 25 measures, taken to minimize
the error due to the presence of chromatic irregularities on the surfaces of the
specimens (Fig. 12).

The diagram shows that the application of the water-repellent treatment does not
affect the surface color (ΔE ranging from 1.20 to 1.30). In fact, values around 1 are
considered very good and not perceivable by naked eye.

5.7 Solar Reflectance

Spectrophotometry is the quantitative measurement of the reflection or transmission
properties of a material as a function of the wavelength. The study aims to
investigate the changes in reflection of mortars when the siloxane treatment is
applied. The following graph of absorption versus wavelength (spectrum) presents
the results on untreated and treated cement mortars specimens.

The solar reflectance tests follow the standard ASTM E903-12 (2012). The
researchers selected 20 cement specimens CEM I and 20 cement specimens CEM
IV: specimens 1.2–1.6 and 4.2– 4.6 have a siloxane treatment, while from 1.10 to
1.21 and from 4.10 to 4.21 are untreated. For each specimen, two measures have
been carried out. The spectral reflectance was measured with a Perkin-Elmer
Lambda 900 Spectrophotometer.

Fig. 12 Total color difference ΔE (left) and total shade difference ΔH (right) between the two
cement types
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The machine was equipped with a 150-mm Spectralon-coated integrating sphere,
a photomultiplier tube, and lead sulfide detectors. The authors measured the
reflectance and compared the measurements to a Spectralon-calibrated reference in
the 300–2500-nm wavelength range with a spectral resolution of 5 nm (Paolini et al.
2014). Two points of each sample lit by the measurement beam were used for the
analysis; thus, the surface variations were considered. For each cement type of
mortar (untreated–treated, CEM I–IV), the researchers computed the average
spectral curve and then the integrated values.

Focusing on the spectral data, the portions of the solar spectrum where the
treatment has the largest impact on the variations in reflectance can be determined
(Fig. 13).

The main differences between CEM I and IV are visible at NIR; nevertheless, in
general, the distance among the curves is constant along all the wavelengths. The
trend of the measures of untreated and treated specimens is almost equal at NIR and
becomes evidently different at VIS and UV, where it decreases for both the types of
cement.

Fig. 13 Spectral and computed solar (s), UV (u), visible (v), and near infrared (n) reflectance
performed before exposure; the curves of the specimens with siloxane treatment are TR, whereas
the untreated are NT
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6 Heat and Moisture Transfer

The research has shown that the conservation of historic building facades is closely
linked to the moisture control and to the water transfer inside the components. An
adequate evaluation of these factors is unavoidable to produce accurate and timely
interventions. However, the experiments in laboratory and on-site are time- and
money-consuming, and the possibility to trust on computer-based simulations
would be useful and would guarantee savings (Künzel 1995; Krus 1996).

For this reason, the last part of the research deals with the validation of the
results through computer simulations and the development of a set of data for the
investigated building materials, and in particular, cement mortars evaluated with a
water-repellent protective treatment.

The researchers used the program WUFI (Wärme und Feuchte instationär—
Transient Heat and Moisture), developed by Fraunhofer Institute for Building
Physics. It allows the use of data derived from outdoor and laboratory tests for the
development of realistic simulations of the transient hygrothermal behavior of
building materials and components, exposed to natural climate conditions.

The first step for the assessment of moisture transfer by numerical simulation has
been the search through laboratory tests of the necessary material data set, which
have been evaluated according to the standard UNI EN 15026 (2008). The
thermo-hygrometric characterization of the mortars performed in laboratory and on
site supported the simulations with the specific data of the materials of the analyzed
case studies. However, during the simulations, the researchers used also the data of
materials already existing in the database to catch the differences and understand the
influence of the characterization data on the results. Moreover, they referred to the
database for the characterization of the other materials composing the walls, which
did not go under investigation in this research.

The specific boundary conditions have been referred to Milan and compared to
the available data. The dynamic simulations are fundamental in case of the external
layer evaluation, which is directly affected by the microclimatic variations occur-
ring in the environment (Marra 2011).

Aim of the simulation was to support the choice of the best formulation in terms
of compatibility and moisture absorption, simulating the behavior of the two
mortars mix design with/without the application of the water-repellent treatment.
For the sake of the research, the authors considered only the stratigraphy in cor-
respondence with the mortar joints, and therefore, the model of the hygrothermal
behavior of the components has been performed using WUFI-1D. A further
development of the study implies 2D simulations especially in the case of tiles
cladding systems, where the two sections of the finishing (mortar joints/tiles and
embedded mortar) contribute in a different way to the final moisture balance of the
façade.

The researchers investigated the northern façade of building 12, Campus
Leonardo, and in particular focused the simulations on the bedding mortar layer. In
fact, the thermographic analysis performed on the elevation underlined the presence
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of adhesion problems distributed on the external cladding system. They assume a
constant geometry of the mortar layer without swelling and shrinkages.

6.1 Material Properties and Boundary Conditions

According to the standard UNI EN 15026, 2008, Table 6 shows the list of the
material properties, which are necessary for the simulations. The list of the
hygrothermal properties are for both untreated and treated materials, according to
the laboratory tests availability. The tests described in the previous paragraphs
provided the measured values, which correspond to the following:

– bulk density ρ (kg/m3).
– moisture storage function (sorption curve) wφ, according to the UNI EN ISO

12571, 2001.
– diffusion resistance factor μ. For the sake of the research, aimed at evaluating the

permanence of the vapor permeability by the treatment, the researchers followed
the standard UNI EN 15803, 2010. Actually, the values used for the simulations
in WUFI are those obtained by dry-cup tests, according to the UNI EN ISO
12572, 2006. For these reasons, the measured values were verified with tabu-
lated ones (ISO 10456 2007) and performed a sensitivity analysis. The values
are comparable and do not affect the final results.

– liquid conductivity K that has been determined by the approximations using the
water absorption coefficient by partial immersion (UNI EN ISO 15148, 2003).
Moreover, the differences between the coefficients by partial immersion and
capillarity observed for cement mortars appear not significant, especially for
treated samples. For this reason, the researchers decided to use the values
obtained from water absorption by capillarity test.

Table 6 Material data set
and properties used in the
simulations

CEM I CEM IV

ρ (kg/m3) 1928 1867 Measured

ε (m3/m3) 0.3 0.3 Tabulated

cp (J/kg K) 850 850 Tabulated

λ (W/m K) 1.2 1.2 Tabulated

μ [–] NT 13 10 Measured

μ [–] TR 14 12 Measured

Aw (kg/m2 s0.5) NT 0.125 0.139 Measured

Aw (kg/m2 s0.5) TR 0.003 0.005 Measured

AC (kg/m2 s0.5) NT 0.065 0.100 Measured

AC (kg/m2 s0.5) TR 0.002 0.003 Measured

α [–] NT 0.61 0.63 Measured

α [–] TR 0.66 0.67 Measured

The untreated mortars are defined as NT, whereas the treated ones
as TR
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– free water saturation (kg/m3) taken from the laboratory tests according to the
standard UNI EN 12087, 2013.

– shortwave (solar) radiation absorptivity [–] available for untreated cement
mortars, according to the standard ASTM E903—12, 2012.

The other parameters [porosity ε (m3/m3), specific heat capacity of dry material
cp (J/kg K), and thermal conductivity of dry material λ (W/mK)] have been defined
considering the standard ISO 10456, 2007.

The boundary conditions are defined in relation to the simulation to be modeled.
The first analysis has regarded the validation of the laboratory test about hygro-
scopic absorption, and therefore, the researchers set up the boundary conditions
according to the specific temperature and relative humidity inside the climatic
chamber.

The second set of simulations regarded the evaluation of the real behavior of the
mortars, in order to verify the efficacy of the water-repellent treatment in terms of
water absorption reduction.

6.2 Simulation Modeling

The first analysis performed with WUFI-1D has been modeling the hygrothermal
behavior of the mortar specimens obtained in the laboratory, to verify the data
resulted from experimental tests (Marra 2011).

This series of simulation has been developed considering a mortar layer 2 cm
thick, which corresponds to the thickness of the mortars specimens used in the
laboratory. In the case of treated surfaces, the mortar has been divided in two parts:
In the first, the researchers inserted the values obtained on the treated specimens and
in the second the untreated ones, since the researchers assumed that the protective
treatment properties are to be considered in the first centimeter of product pene-
tration. They have defined the boundary conditions considering constant tempera-
ture at 20 °C, while imposing different steps in the relative humidity, corresponding
to those used in the climatic chamber during the hygrothermal absorption tests (0,
30, 50, 70, and 90 %). The initial relative humidity of the component has been zero
since the specimens remained in the desiccator until they reach the constant weight
before the test.

The duration of the desiccation was two week (336 h) for the first two RH steps
(30, 50 %) and of four weeks (672 h) for the remaining steps (70, 90 %).

In the analysis, the conditions imposed on both the sides of the samples are equal
since the specimens were freely in contact with the environment inside the climatic
chamber. In this case, it should be noted that in WUFI, only two surfaces are
considered at the moisture balance, while in the laboratory tests also the sides
contributed to the hygroscopic exchanges.
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In the second set, the researchers simulated the presence of a plastic film, since
during the laboratory tests a plastic waterproof paraffin film sealed the boundary of
the specimens, leaving only one free surface exposed toward the environment. They
considered 3 measurement points placed, respectively, on the surface (0 m) at
0.05 m in depth and in the center of the sample (0.01 m) to monitor the trend of
relative humidity along the thickness of the layer.

Figure 14 shows the simulations for CEM I mortar; nevertheless, the results were
similar also for CEM IV.

In general, it is possible to notice that the component reaches the equilibrium
with the environment in a longer time when relative humidity is increasing.

Adding the waterproof layer, the time to reach equilibrium increases with respect
to the simulations considering free specimens, since the area exposed is reduced.
Treated specimens reach faster the equilibrium.

The second objective of the simulations was to verify the best mortar mix design
in terms of the lowest moisture absorption among those investigated. In the fol-
lowing, the researchers have performed simulations on treated mortars to verify the
effectiveness of the applied siloxane water-repellent treatment (SILO 111) (Fig. 15).

The graph shows a reduction of absorbed water and in the water content peaks in
the specimens treated with the siloxane product SILO 111 with respect to the
untreated mortar.

Fig. 14 Comparison of the RH trends for untreated/treated cement (CEM I) specimens
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The trend for the two cement mortar types is equal even if CEM IV shows a
higher reduction both in the treated and in the untreated curve.

Moreover, from the reported graphs, the dependency on the seasons of the trend
of water content is apparent in the untreated specimens: in spring/summer, it is
equal to 20 kg/m3, while in autumn/winter, it is around 50 kg/m3. Instead, for the
treated specimens, it is almost constant. These simulations have shown the efficacy
of the treatment in terms of absorbed water in the external mortar layer.

7 Conclusions

The presented work suggests a methodology for the evaluation of moisture transfer
in bedding mortar layers to improve the conservation of clinker facades. Besides,
the results of the monitoring and of the experiments provide effective indications for
the correct strategies of maintenance (Daniotti et al. 2014a, b).

The investigations on the application of the water-repellent siloxane treatment
SILO 111 show that the analyzed mortars fulfill the requirements necessary for the
protection of humid walls (Künzel et al. 2004). Moreover, the treatment has shown
its water-repellent effectiveness and its vapor permeability: the water vapor resis-
tance factor, obtained through the experiments in laboratory, basically, remains
constant between untreated/treated samples. Besides, it is resistant to
thermo-hygrometric variations, it does not provoke chromatic alteration on the
surfaces, and it is compatible with the substrate. The computer simulations on
moisture transfer validated the results obtained through the laboratory tests and
verified the effectiveness of the siloxane protective treatment in terms of reduction
of absorbed water.

Fig. 15 Comparison of the water content trend in the external mortar (joints-section) for
treated/untreated cements specimens
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Analysis of Microclimate in a Historical
Building to Assess the Probability
of Recurrence of Filamentous Fungi

Fernanda Lamego Guerra, Eduardo Grala da Cunha and Fábio Galli

Abstract Filamentous fungi are important agents of deterioration, able to result in
actual losses in many construction materials. Relative humidity (RH), surface
temperature, and nutrient availability, in addition to the characteristics of substrates
such as hygroscopicity and pH are critical factors in the development of related
pathological manifestations. This study presents an analysis of the microclimate in a
nineteenth-century historic building in the city of Pelotas, Southern Brazil, in order
to verify the probability of recurrence of filamentous fungi. Eight sensors were
installed in different indoor environments, for monitoring RH and temperature
values in one year. The data analysis shows that, regarding microclimate, the
recurrence of fungi is possible due to exposure of walls with high values of RH
(above 70 %) for a prolonged period. The development of this type of analysis
intended to indicate strategies to control the filamentous fungi growth from the
microclimate control and ongoing maintenance of the historic building materials.

Keywords Filamentous fungi � Microclimate monitoring � Historical buildings

1 Introduction

Pelotas is a city in southern Rio Grande do Sul, Brazil. The first historical mention
of the city’s emergence dates from June 1758, but it was officially recognized in
1835. It has an important cultural heritage, evident in several architectural speci-
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mens as well as in its urban setting. There are many buildings protected through the
national conservation buildings organization, the IPHAN (Instituto do Patrimônio
Histórico e Artístico Nacional or Institute of National Historical and Artistic
Heritage).

The Pelotas Candy Museum, analyzed in this work, is part of the assets protected
at a national level. This edification was constructed in 1878 and its project is
attributed to Italian architect José Isella. It was part of a set of two other buildings in
a Neoclassic style. Figure 1 shows the analyzed building.

The house remained closed from 2000 to 2011, when the restoration work
started. During this period in which the house remained unoccupied, its state of
deterioration was intensely aggravated. Several points of rainwater infiltration
resulted in losses of material at various points of stucco ceilings, as well as the
rotting of wooden floor in many environments. The wall coatings were ripping,
deteriorated, and one could verify the presence of many spots related to biological
deterioration agent growth, which was also seen on the surface of wood (Fig. 2).
These conditions imposed the indispensable need for a complete restoration.

In 2011, before the beginning of the restoration work, a surface sample col-
lection was made in 10 of the 30 rooms, in order to identify the main genera of
filamentous fungi involved in the surface deterioration. The traditional identification
method with a swab moistened with distilled water was used, passing over the area
where stains probably related to fungal growth were visualized. The samples
obtained directly from the surfaces were placed in a Potate-Dextrose-Agar
(PDA) medium, (ACUMEDIA®), acidified (pH 4) with tartaric acid (10 %), suit-
able for fungi (Fig. 3). It was possible to identify nine different genera of

Fig. 1 Pelotas Candy
Museum
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filamentous fungi involved in biodeterioration of materials collected from selected
surfaces: Aspergillus, Aureobasidium, Cladosporium, Fusarium, Paecilomyces,
Papularia, Penicillium, Rhizopus, and Trichoderma.

The mentioned traditional method of analysis used to identify the fungal genera
is rather limited. The culture medium produced in the laboratory is very selective,
thus it is only possible to identify agents involved in the process of deterioration. In
addition, it is known that the formation of biofilm occurs on interaction between
different populations and communities of microorganisms, like different types of
bacteria, for example. However, fungi are among the most active microorganisms in
these processes and the nature of substrate will determine the type of degradation
(Arroyo 2009).

Fig. 2 Indoor ambience before the restoration

Fig. 3 a, b, c Fungal growth example in Petri dishes from the building indoor surfaces collection
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The restoration of the analyzed building was completed in 2012. Although it
changed its occupation form, now being used as a museum, the natural thermal
regime of exchange and ventilation was maintained. The building has walls with
high thickness (about 0.50 m), which favors the natural balance of the interior
microclimate, due to increased resistance to thermal exchanges. Additionally, the
entire building has rooms with high ceilings (about 4.80 m), and large rates of
natural ventilation provided by outward-oriented frames. All the environments are
interconnected, which also favors the free circulation of the air flow.

Therefore, this study aims to evaluate the microclimate conditions in preselected
indoor environments through monitoring of temperature and relative humidity
(RH), in order to evaluate the probability of filamentous fungi recurrence.

It is known that buildings’ natural environments are exposed to biological
contaminants that are easily transported by air and by other means. When there are
favorable conditions for it, especially humidity, temperature, and nutrients, the
development of these microorganisms results in changes on the surfaces (Allsopp
et al. 2010). Furthermore, the concentration of contaminants in the air may be
associated with health problems in people who remain for a long time in such
environments. Crook and Burton (2010) explain that humans are constantly
exposed to fungi, usually without suffering harm to health. However, in some
instances, inhalation of sufficient numbers of fungi spores can trigger symptoms of
asthma, rhinitis, or bronchitis. Respiratory ill health associated with the built
environment is often referred to as Sick Building Syndrome (SBS).

The proposed monitoring can help to understand the mechanisms of natural
thermodynamic indoors and thus facilitate the search for microclimate control
strategies, respecting the historical conditions of the building, in order to prevent
further proliferation of filamentous fungi. For proper verification, the museum’s
occupancy routine was registered, during the monitoring period, by completing
monthly spreadsheets. In order to obtain the microclimate data, a measurement
sensor was installed in eight of the building’s indoor environments, as well as an
external sensor for checking the outside microclimate near the building. The data
are obtained through HOBO model equipment: HOBO H8 RH/Temp Data Logger.
The sensors were configured to obtain schedules of RH and temperature values in
continuous mode.

2 Biological Growth and Decay Mechanisms
in the Materials of Buildings

International researches about biodeterioration of building materials have increased
in recent decades. The problem becomes more important when such materials are
part of historical heritage and degradation results in priceless losses.

According to Warsheid and Braams (2000), water availability is one of the most
important factors that influence biological infection and the intensity of biodeteri-
oration of material. The evaluation of the biological contribution to decay starts
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with the descriptions of the type of material and exposure conditions (e.g., rising
dampness, damaged water drainage, condensational moisture) and nutrients (e.g.,
inorganic and organic compounds from natural or anthropogenic sources).

In a preventive way, effective control of the water and nutrient availability by
and in the material is the first step to control biodeterioration, even before the
adoption of treatments with biocides (Warsheid and Braams 2000).

In Brazil, some researches have been developed, mainly on the facades of his-
toric buildings, on which the occurrence of a large microbial diversity could be
verified. Crispim (2003) proposed the morphological and molecular analysis of
cyanobacteria in biofilm on external surfaces in Porto Alegre, Southern Brazil; Kiel
(2005) studied the bacterial diversity in external surfaces; Shirakawa (1994),
Shirakawa et al. (1997, 2002, 2003), Vieira et al. (2009) did many researches on
different building materials. Among the various fungi identified in the research
carried out in southeast Brazil, Cladosporium was found to be the fungi genera
most frequently recovered from field species (Shirakawa et al. 2003).

According to Caneva et al. (2000), the biological growth is strongly influenced
by climatic parameters, with temperature being a conditioning factor for living
organisms because it interferes with the kinetics of biochemical reactions and the
structure of molecules that constitute cells. Thus, the biological development in a
rather wide temperature rating is possible; however, biologically active metabolism
lies in a narrower range. Therefore, it shows a distinction between the active life
and survival in an inactive form as a response to environmental conditions. The
microbial diversity conditioned by the climatic conditions of different regions may
interfere with the development of certain species of microorganisms at the expense
of others. Thus, it is increasingly important to conduct research capable of identi-
fying the main agents responsible for deterioration of materials related to the dif-
ferent microclimates. Knowing the agent and the influential environmental
conditions in your development, it is possible to propose strategies that minimize
development.

2.1 Bioreceptivity and Construction Materials

Depending on the material nature, mineral composition, porosity and permeability,
environmental factors (mainly the water availability), pH, climate exposure, and
nutrients sources, the growth of certain organisms is favored over others. Materials
that are mineralogically similar can be attacked by the same kind of microorgan-
isms, using the same mechanisms. Inorganic nature construction materials such as
concrete and limestone are a poor substrate nutrient for organisms that require
organic sources for their metabolism, like filamentous fungi. However, the natural
aging of these materials, nutritional enrichment by dirt deposits, as well as the prior
growth of other microorganisms such as autotrophic bacteria can, in many cases,
favor the development of other heterotrophic agents, like filamentous fungi
(Warsheid and Braams 2000).
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Many authors cited by Warsheid and Braams (2000) mention that limestone and
marble generally consist of a dense calcareous matrix allowing mainly a superficial
microbial contamination. Nevertheless, the material seems to be subject to lichens
and fungal attack.

Plaster, mortar, and ceramic materials are often used in buildings and can be
considered stone materials produced by humans, though its biological agent
degradation mechanisms may be similar to those occurring in natural stones. In
addition to the differences in chemical composition, these materials generally have a
higher porosity, favoring water retention, and consequently creating a favorable
substrate for the development of many kinds of microorganisms (Caneva et al.
2000).

2.2 Filamentous Fungi and the Influence Factors
for Its Development

Filamentous fungi are among the most active microorganisms in biodeterioration
and the substrate determines the type of degradation (Arroyo 2009).

The fungi degrade substantial amounts of organic nature materials through the
action of enzymes that cause a reduction or loss of the material itself (Sterflinger
2010; Sterflinger and Piñar 2013). On surfaces of inorganic nature, however,
although the material itself is not the nutritional source, the filamentous fungi
structures penetrate causing the detachment of materials’ surface layers. Fungi
cause serious changes in the surfaces due to colony formation and secretion of
pigments. Fungi develop on the material’s surface, producing spores that disperse in
the air. They utilize the available nutrients in the substrate, which are easily
assimilated for their growth. When the ideal conditions for their growth are met, the
spores germinate and the hyphae grow, forming the mycelium. This process can
occur in parts of the building and on surfaces indoors, causing risks to ambient air
quality and exposing the occupants to potential health hazards (Johansson et al.
2012).

Three main factors required for growth of filamentous fungi on the surface of the
material are nutrients, temperature, and humidity, which must be considered
simultaneously with respect to the exposition time (Sedlbauer et al. 2003). Besides
these factors, Johansson et al. (2012) emphasize the pH of the surface. According to
Caneva et al. (2000), many organisms and microorganisms prefer neutral condi-
tions; however, many species of fungi are acidophilic, preferring lower pH values.
The growth of filamentous fungi on surfaces results in the production of various
organic acids (citric, oxalic, gluconic, glucuronic, lactic, fumaric). The degradation
of the substrate by chemical solubilisation always results in a reduction in the pH on
the surface of the materials. According to Sterflinger (2010), fungi play a significant
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role in the deterioration of buildings due to its high enzymatic activity and its ability
to grow at low values of water activity (aw).

Most building materials, such as mortar, are inorganic in nature. Considering the
need for organic compounds as a nutritional source for fungal growth, these sub-
strates, in principle, would not support the development of this type of microor-
ganism. However, the presence of organic matter is very common in these
substrates, especially if the materials are exposed to certain conditions. For
example: air pollution, pollen, debris from previous biological colonization,
restoration treatments with traditional materials (waxes, oils, and casein) or new
(protectors, consolidants), accumulation of dust and dirt, can all favor the devel-
opment of heterotrophic microflora, as the filamentous fungi (Caneva et al. 2000;
Warsheid and Braams 2000; Shirakawa et al. 2003; Arroyo 2009).

According to Arroyo (2009), fungi do not use the inorganic supports for
nutrition but they do alter them deeply with synthesis products from their own
metabolism, such as inorganic and organic acids. The latter can produce chelation
and form complexes with metabolic cations, which are obtained from the support.

Many fungi are responsible for the formation of black crusts due to the melanin
in their hyphae. This fungi structure can penetrate the limestone calcite crystal
previously dissolved by enzymes (Arroyo 2009).

The fungal growth can also be influenced by the physical properties of the
materials, in particular its porosity and hygroscopicity, which influences the water
content of the materials. However, other phenomena such as capillary absorption
and high RH, especially near the values condensation or rainwater may also
increase the water content of the materials (Caneva et al. 2000).

Caneva et al. (2000) also emphasize that not all water present in the substrate is
available from the metabolic point of view. The amount of water actually available
for chemical and biochemical reactions of the body is defined as the water activity
(aw). This parameter values varies between 0.6 and 0.998 aw. Most bacteria require
values greater than 0.98 aw, while fungi can tolerate lower values.

The fungal growth in museums is strongly determined by the indoor climate, the
nutritional availability from atmospheric contamination and the materials them-
selves, as well as the availability of nutrients enabled by inadequate cleaning
intervals. It considers RH 55 % as the limit to prevent the growth of fungi, there-
fore, the climate control should be adjusted accordingly (Sterflinger 2010).

Arroyo (2009) mentions that, after confirming the presence of filamentous fungi
growing in the support, in the first place we ought to eliminate the conditions that
favor their development, such as environmental conditions (humidity and temper-
ature), nutrients, light, etc.

In the case of museums, it is important to consider the museum spaces and the
collections as well. In this sense, Arroyo (2009) reports that we ought to provide the
building with a suitable climate, to eliminate all the humidity sources and to keep it
under stable conditions, never below 50 % or above 62 %. As regards temperature,
it should never be higher than 20 °C.
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3 Monitoring

The differences in the average or long-term level of humidity cause visible differ-
ences in fungi growth. A control of the hygroscopic surface parameters could lead
to a profound reduction in the biological infestation. In this way, the environmental
monitoring is an important tool to understand to which conditions are the materials
exposed and, thus, propose correct strategies to protect the building’s materials and
surfaces from biological growth (Krus et al. 2007).

Therefore, considering the importance of microclimate analysis as a tool to
propose strategies for environmental conditioning to contain biological growth,
monitoring of the inner microclimate was held, regarding RH and temperature, as
described below.

3.1 Selection of Environments

The analyzed building is located on a corner lot. It has two gardens, one located in
its front and another on its backside. A small part of the house has a second floor, in
which rooms were possibly rented in its original use. It has a high basement, to the
full extent of the main block. The building has 43 rooms. Among them, eight
environments were selected for the distribution of sensors, six on the ground floor
and two upstairs. The choice took into account various conditions regarding the
exterior facades, as well as the locations where main activities of the museum
would take place.

3.2 Arrangement of Sensors

For proper verification of data obtained from the sensors, prior measurement was
made, in order to make sure that the equipment was adequate and in appropriate
conditions of use. The specifications of the sensor accuracy are indicated for the
values of temperature of ±0.7 °C and ±5 % RH. From analysis of the measurement
data, it was observed, on average, values of temperature accuracy of 0.38 °C and
RH of 2.39 %, thus being appropriate for use.

Due to the verified fragility of the lining walls, composed of handmade
lime-based paint, the sensors were fixed near the side of the internal doors. Thus,
the occurrence of any superficial detachment would be easier to repair, with the
benefits of the discreet location. The sensors were fixed at a height of 2 m from floor
level.

Considering the importance of checking the occupancy routine and use of the
house, a worksheet for monthly notes was made, referring each of the environments
analyzed and forwarded to the administrative staff of the museum. The spreadsheet
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contains information regarding the activities undertaken in each environment,
number of occupants and round occupancy, equipment installed and in use, fre-
quency and time of opening of doors and windows (glass and shutters), and the
frequency and method of cleaning environments. Figures 4 and 5 show the ground
and upper floor plan of the building. The rooms hatched in red are the ones selected
as monitoring environments; the blue marks indicate the prominent place of
installation of the sensors.

The environments named A1, A2, A3, and A4 are occupied with temporary
expositions and sometimes with academic activities proposed by the museum. The
elaborate design of the museum reserves these environments for use as exhibits for
the arrangement of artistic elements, leaving surfaces free of spaces, which together
compose the collection itself. The A5 environment is a busy bookstore, featuring
shelves of books that cover the surfaces of the walls of the environment. The A6 is
the cafeteria. The A7 and A8 of the top floor rooms are occupied by the adminis-
trative part of the museum.

Sensors

Fig. 4 Environments monitored on the ground floor

Fig. 5 Environments
monitored upstairs
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The building was visited regularly and the data were unloaded from the sensors
on average every 2 months. The downloading of data was done using BoxCar
Software, which provides the files in a format compatible with Excel Software,
allowing reading, tabulation, and graphical formulation for the analysis of micro-
climatic data of the building.

4 Results and Discussion

The spreadsheet data formulated for routine monitoring of the building shows that
environments A1 (showroom) and A6 (coffee shop) have the greatest number of
occupants. The first one has been used for conducting classes of orchestra musi-
cians from the local university. It receives, on average, 15–20 people daily. The A3,
A4, and A5 environments remain unoccupied most of the time. The administrative
sector (A7 and A8) is occupied by a maximum of two people. The only equipment
installed in environments are lamps for ambient lighting, except for the A7 and A8
environments that have computers. The windows of the museum are open Monday
through Friday during morning and evening lighting. Natural ventilation occurs
when there is presence of occupants, such as when using the administrative part,
bookstore, and cafeteria. Natural ventilation is provided only when the weather
presents mild temperatures. The house is swept daily, and wax is applied on the
wooden floor once a week. The windows are cleaned once a month.

Based on what was observed, the edification was not yet fully occupied. The
plans for the museum to this moment have not yet been implemented. However,
there is an attempt to use the edification, even with activities unrelated to the ones it
was designed for, in order to allow the building to remain open and thus have better
conditions for its preservation.

The ventilation and thermal conditioning of the house are controlled in a natural
way. Prior to the monitoring, there was no knowledge of the microclimate inside the
building. The natural mechanism for controlling the temperature and humidity
inside has been thought of empirically. Only from the analysis of the data obtained
in the monitoring will it be possible to devise strategies for the control of micro-
climate variations.

Following, the RH and temperature sensors data for indoor and outside in the
period from February to January is presented, considering a period of 12 months.
Figure 6 shows a graph with hourly measurements for the months of February and
March. Table 1 shows the minimum and maximum values, as well as the mean RH
and temperature for each of the monitored environments for this period.

Based on Fig. 6, the oscillation between the minimum and maximum values of
RH presents greater amplitude for the data collected on the outside of the building
compared to inner values, both for February and March. The indoors means of RH
have been above 60 % for the two months, with temperature averages around 25 °
C. However, the outside sensor data showed that about 48 % of the time the RH
was above 80 % in February. In March, the outside RH was on average 59 % of the
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time above 80 %. In both months condensation occurred in certain periods. Thus, it
would be prudent to prevent this moisture from the outside air to stay retained
indoors. It can increase the risk of condensation with the reduction in the indoor air
temperature. For the reporting period, there is the risk of fungal recurrence if other
requirements are met, particularly in relation to nutritional conditions.

Figure 7 shows a graph with hourly measurements for the month of April and
May. Table 2 shows the minimum and maximum values, as well as the mean RH
and temperature for each of the environments monitored for this period.

RH(%) and Temperature (°C) 

Risk to mould 

February and March 

Fig. 6 RH and temperature sensors for indoor and outside from February to March

Table 1 Minimum, maximum, and mean values for RH and temperature in February and March

A1 A2 A3 A4 A5 A6 A7 A8 Outside

February RH (%) Min. 38 44 43.4 42.7 40.6 37.6 37.5 39.2 22.5

Max. 70.2 72.7 73.9 73.1 74.4 75.9 76.1 70.2 >100

Mean 61.9 64.1 63.5 63.6 64.9 64.4 63.9 60 73.6

Temp. (°C) Min. 21.7 21.3 21.7 22.1 21.3 20.9 21.7 22.1 17.1

Max. 35.3 33.2 31.1 31.9 34.8 36.1 36.1 35.3 45.9

Mean 26.5 26.4 26.2 26.3 26.8 26.3 26.8 27.5 25.9

March RH (%) Min. 37.7 40.3 39.3 37.1 41.1 35.3 38.5 40.7 24.7

Max. 77 79.2 81.9 79.3 79.4 82 78.2 74.1 >100

Mean 64.5 66.2 66.9 66.2 66.4 65.4 65 64.4 73.6

Temp. (°C) Min. 19.8 19.4 19.8 20.2 18.6 18.3 19 21.3 13.7

Max. 27.1 26.7 25.7 25.2 27.5 27.9 28.3 29.5 38.7

Mean 23.6 23.5 23.2 23.3 23.8 23.8 24.3 24.2 23.5
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Between April and May, there was a small rise in indoor RH. It is believed that
due to the natural ventilation mechanism adopted in the building, the wet air
outdoors could be conducted to the interior environment, increasing the RH.
However, the maximum interior was still maintained below the outside.

In April, the outer RH was over 80 % about 52 % of the time In May there was a
considerable reduction in the external RH, with the occurrence of a few days with
incidence above 80 %. However, inside RH remained high and temperature
remained higher regarding the values obtained abroad, which presents itself as a
favorable aspect, due to the increase in RH values. Thus, remained the risk of
recurrence fungi, which tends to be intensified since the moisture being retained
within the environments and the temperature period on them tends to be gradually
reduced, increasing the risk of condensation on surfaces.

Risk to mould

Fig. 7 RH and temperature sensors for indoor and outside from April to May

Table 2 Minimum, maximum, and mean of the values for RH and temperature in April and May

A1 A2 A3 A4 A5 A6 A7 A8 Outside

April RH (%) Min. 41.3 43.2 44.1 40.5 47.3 42.7 44.1 – 34.7

Max. 80.6 87.2 85.2 83.5 83.5 87.2 85.2 – >100

Mean 66.4 67.9 67 67.1 69.9 67.9 67 – 76.4

Temp. (°C) Min. 17.9 16.8 17.5 17.9 16.8 16.8 17.5 – 12.6

Max. 25.6 27.5 27.5 25.6 26.7 27.5 27.5 – 32.3

Mean 21.3 21.4 21.9 21.2 21.2 21.4 21.9 – 20.8

May RH (%) Min. 40.7 42.9 44.1 40.1 48.4 38.6 48.5 47.3 40

Max. 83.7 83.5 85.3 85.2 87.1 85.3 83.6 83.8 96.6

Mean 69 70.5 71.1 69.8 73.8 72.2 69 70.2 57.1

Temp. (°C) Min. 12.2 12.2 12.9 12.9 11.7 11.7 11.7 11.7 7.4

Max. 22.9 21.3 20.6 20.9 21.7 22.5 23.2 22.5 24.4

Mean 17.3 17.3 17.2 17.3 17.3 17.3 18.3 17.6 16.5
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Between April and May, there was a small rise in indoor RH. It is believed that
due to the natural ventilation mechanism adopted in the building, the wet air
outdoors could be conducted to the interior environment, increasing the RH.
However, the maximum interior was still maintained below the outside.

In April, the outer RH was over 80 % about 52 % of the time. In May there was a
considerable reduction in the external RH, with the occurrence of a few days with
incidence above 80 %. However, the inside RH remained high and temperature
remained higher regarding the values obtained abroad, which presents itself as a
favorable aspect, due to the increase in RH values. Thus remained the risk of
recurrence fungi, which tends to be intensified since the moisture being retained
within the environments and the temperature period on them tends to gradually
reduce, increasing the risk of condensation on surfaces.

Figure 8 shows a graph with hourly measurements for the months of June and
July. Table 3 shows the minimum and maximum values, as well as the mean RH
and temperature. During this period, the interior RH values kept rising, staying on
average above 70 % due to the reduction in temperature values in indoor envi-
ronments, increased by the risk of moisture surface condensation from the indoor
air. It is possible to verify in early June that the outside RH was about 59 % of the
time below 60 %. However, this reduction in outside RH was not accompanied in
the indoor environment. This reveals that moisture remained trapped within
environments.

Figure 9 shows a graph with hourly measurements for the months of August and
September. Based on the collected data it is possible to assess that in about 80 % of
the time, the average indoor RH among all ambiences was above 60 %.
Furthermore, in about 60 % of the time, RH was above 70 %. Since there is the

June and July
RH(%) and Temperature (°C)

Risk to mould

Fig. 8 RH and temperature sensors for indoor and outside from June to July
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reduction in the outside temperature, accompanied by a reduction in the inside
environments, there is a high risk of condensation and consequent higher moisture
retention through the materials’ pores. Thus, there is an imminent possibility of
recurrence of the filamentous fungi growth.

Table 4 gives the RH and temperature for each of the monitored environments.
During this period a failure in the external sensor occurred. Unfortunately, the
equipment could not be replaced, therefore, it was only possible to register the
indoors monitoring.

For a rough check of the RH and temperature outside, data were obtained from
the Meteorological Station of EMBRAPA (Empresa Brasileira de Pesquisa

Table 3 Minimum, maximum, and mean values for RH and temperature in June and July

A1 A2 A3 A4 A5 A6 A7 A8 Outside

June RH (%) Min. 48.9 50 53.6 51.4 56.8 52.1 55.5 47.7 42.4

Max. 89.2 89.2 91.8 91.7 89.3 91.8 91.7 94.8 98

Mean 74.7 76.1 76.8 75.2 78.2 76.7 74.8 77 72.9

Temp. (°C) Min. 11 11.4 11.7 11.7 10.2 10.6 11 10.2 5.8

Max. 17.5 18.3 17.5 18.3 18.7 19.8 19.4 19 24

Mean 14.9 15 15 15.1 14.9 15.1 15.7 15.2 14.6

July RH (%) Min. 46.2 47 51.5 47.8 56.2 49.6 52.5 54.1 42.2

Max. 91.8 91.8 94.9 94.9 91.8 91.8 89.3 94.9 100

Mean 74.9 76.6 77.7 76 79.2 77 75 77.1 84.6

Temp. (°C) Min. 10.6 11 11.4 11.4 9.8 10.2 11 10.2 6.6

Max. 19 19 18.3 18.7 19 19.4 20.2 19.4 22.5

Mean 15.3 15.4 15.4 15.4 15.1 15.4 16.2 15.7 15

August and September
RH(%) and Temperature (°C)

Risk to mould

Fig. 9 RH and temperature sensors for indoor and outside from June to July
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Agropecuária or Brazilian Agricultural Research Company of Pelotas). In
September, the meteorological station found an average air temperature of 16.5 °C
and an average of 86.3 % RH.

During August and September, the mean values of RH remained around 70 %,
favorable condition for the growth of several species of fungi.

Figure 10 shows a graph with hourly measurements for the months of October
and November. Table 5 gives the RH and temperature for each of the monitored
environments.

In October, it notes that the RH stayed above 60 % (about 88 % of the time).
However, in November, it is clear that the RH gradually starts to reduce (only about

Table 4 Minimum, maximum, and mean values for RH and temperature in August and
September

A1 A2 A3 A4 A5 A6 A7 A8 Outside

August RH (%) Min. 37.6 39.6 39.6 40.7 45.2 38.7 41.4 40.5 Not
registeredMax. 89.2 89.3 91.8 91.7 91.7 89.2 94.9 89.3

Mean 70.3 71.9 72.3 71.7 73.3 70.4 71.1 69.6

Temp. (°C) Min. 10.6 11 11.8 10.6 10.6 11 11.8 11.4

Max. 21.3 15.6 19.8 20.2 22.9 24.0 24.0 23.6

Mean 15.7 15.6 15.6 15.8 15.6 15.7 16.2 16.7

September RH (%) Min. 16.4 15.6 16 16 15.2 15.2 16.4 15.6 Not
registeredMax. 24.4 25.2 21.7 22.9 22.9 25.2 25.6 25.2

Mean 18.2 17.9 17.6 17.9 18 17.9 19.2 18.5

Temp. (°C) Min. 40.8 42.1 44.2 40.9 43.7 37.1 40.4 41

Max. 82.2 83.6 89.3 85.3 85.3 87.1 87.1 87.1

Mean 68.8 71.9 73.9 71.4 72.2 71.8 69.3 71

October and November
RH(%) and Temperature (°C)

Risk to mould

Fig. 10 RH and temperature sensors for indoor and outside from October to November
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23 % of the time with over 60 % RH). It should be noted that this time the
temperature also begins to rise. This is a period in which there is a softening of the
conditions which favor the growth of fungi.

For the months of October and November, the weather station found the average
values of 19.4 °C air temperature and 85.10 % RH for the first month; and 21.4 °C
temperature and 78.2 % RH for the second month.

Figure 11 shows a graph with hourly measurements for the months of December
and January, completing 12 months of monitoring. Table 6 shows the minimum and

Table 5 Minimum, maximum, and mean values for RH and temperature in October and
November

A1 A2 A3 A4 A5 A6 A7 A8 Outside

October RH (%) Min. 36.9 36.9 47.4 44.8 42.1 39.6 44.1 33.7 Not
registeredMax. 85.2 85.2 89.3 87.1 85.2 83.6 87.1 87.1

Mean 66.9 69.6 71.3 68.7 68.4 68.2 67.5 68

Temp. (°C) Min. 17.5 17.1 17.5 17.1 16.8 16.4 17.5 16.8

Max. 30.7 31.9 26.7 29.1 30.3 31.1 31.9 32.8

Mean 21.1 20.8 20.5 20.7 21.2 21.1 22 21.5

November RH (%) Min. 28.9 38.3 39.4 32 36.6 30.6 30 34.9 Not
registeredMax. 80.6 87.1 85.2 83.5 87.1 89.4 87.1 89.4

Mean 58.2 61.1 61.8 61 60.5 60.6 58.8 59

Temp. (°C) Min. 20.2 20.2 20.2 20.6 19.4 19 20.6 19.8

Max. 29.1 28.3 26.3 27.5 29.9 29.9 29.5 29.5

Mean 24.1 23.8 23.4 23.8 24.6 23.9 24.9 24.4

December and January
RH(%) and Temperature (°C)

Risk to mould

Fig. 11 RH and temperature sensors for indoor and outside from December to January
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maximum values, as well as the mean RH and temperature for each of the envi-
ronments monitored in the period.

In December, one can see that about 58 % of the time, the RH was above 60 %,
with temperature around 25 °C. In January, about 63 % of the time, the RH was
above 60 %. Therefore, the microclimate favorable factors to fungal developments
remains.

For the months of December and January, the weather station found the average
values of 22.5 °C air temperature and 80.9 % RH for the first month; and 23.9 °C
temperature and 81.6 % RH for the second month.

The eight indoor environments monitored showed similar values for both RH
and temperature. However, for the whole period, it was observed that the envi-
ronment A5 had, on average, higher RH values. This environment is one of the
smaller ones of the building and a less open area for natural ventilation and lighting.
It is used as a bookstore, having shelves and covers in all free surfaces. Therefore,
in this environment, it is even more probable the recurrence of filamentous fungi.

Environment A1 presented, on average, slightly lower values for RH than the
others did. Although still unoccupied, environment A1 is intended to become a
showroom. This space has large and outward-oriented window frames in two of its
walls. The other walls have gateways to adjacent environments. These doors remain
open, allowing free circulation of air.

It is important to mention that the building is being occupied and remains open
throughout the week. Constant cleaning of its environments is a part of the
building’s routine. A team of professionals in the field of conservation constantly
monitors this building.

However, without conducting an analysis to check the behavior of the building
microclimate or with a lack of understanding of the behavior of materials of the
building in relation to temperature and humidity, it is often quite difficult to contain

Table 6 Minimum, maximum, and mean values for RH and temperature in December and
January

A1 A2 A3 A4 A5 A6 A7 A8 Outside

December RH (%) Min. 29.2 31.9 36.3 32.4 33.1 30.4 29.6 27.5 Not
registeredMax. 77.9 79.1 81.9 81.9 80.4 81.9 81.9 81.9

Mean 59.3 61.9 62.5 61.5 60.7 61.3 59.5 58.4

Temp. (°C) Min. 22.5 22.1 22.5 22.5 22.1 20.9 22.9 22.1

Max. 31.9 73.1 73.1 73 31.5 30.7 30.3 31.1

Mean 25.5 25.2 24.9 25.2 26.2 25.4 26.3 26.2

January RH (%) Min. 39.9 43.7 44.1 41 40.3 33.6 32.6 40.5 Not
registeredMax. 79.1 79.1 81.9 80.4 74.8 78 77.9 73.9

Mean 60.4 62.3 62.9 62.2 60.9 61.8 62 60.1

Temp. (°C) Min. 24 23.2 24.4 24 23.2 21.3 23.2 24

Max. 31.5 30.7 29.1 30.7 31.9 31.9 35.7 31.9

Mean 26.7 26.5 26.3 26.4 27.6 26.7 27 27.8
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the recurrence of problems, especially pathological manifestations related to bio-
logical growth, like filamentous fungi.

5 Conclusions

Through the analysis developed, we confirmed that there is a high possibility of
recurrence of filamentous fungi because of the microclimate inside the building,
especially during winter, when high rates of RH and lower values of temperature
can cause the occurrence of condensation on surfaces.

In winter, when it becomes disadvantageous to open the windows for natural
ventilation due to inappropriate external conditions, implementation of heaters
inside the environments is needed.

In the period of heat, when the outside RH is low, it is recommended to open the
doors and windows for natural ventilation and fresh air within the environments.

It is important to emphasize the necessity of performing routine cleaning with a
unique character, as it is highly important to remove the dust and dirt on all surfaces
of the environments observed, like the surfaces and corners of walls, ceilings, and
internal and external doors and windows.

Since this is a historical building, a measure favorable for its preservation is to
adopt preventive actions and continuous maintenance. The monitoring and constant
observation of the environment, regarding microclimate conditions and the condi-
tion of the materials, greatly reduces the chance of recurrence and advancement of
deterioration from elements. This measure protects the building’s need for new
restoration interventions, procedures that result in high investment costs and losses
on historical materials.
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