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Abstract The study of hygrothermal behaviour is essential to evaluate the per-
formance of construction components and building envelopes. Most building
pathologies are related with temperature action. The use of non-destructive tech-
niques to evaluate a building behaviour may be very useful as there is no need to
destroy the building components, which would interfere with the user’s life.
Infrared thermography is a non-destructive testing technology that can be applied
to determine the surface temperature of objects. This technology has been applied
to buildings for a couple of decades, to evaluate the building performance. It has
been used to detect insulation defects, air leakages, heat losses through windows,
moisture and different “hidden details”. This work evaluates the applicability of
thermography to study the behaviour of building materials and building envelopes.
A short literature review about thermography principles is presented. It is also
showed the effect on the results of some factors that affect infrared thermography
measurements. Several applications of infrared thermography to building diag-
nosis are listed, based on the work published by the scientific community. And
finally, three test procedures are described in detailed to detect detachments on
wall renderings, to evaluate the thermal comfort of floor coatings and to analyse
the wetting and drying processes.
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1 Introduction

Infrared thermography (IRT) can be defined as the science of acquisition and
analysis of data from non-contact thermal imaging devices. The process of thermal
imaging was simplified over the years with the availability of efficient, high res-
olution infrared cameras that convert the infrared radiation emitted from bodies
into thermal images [1], the thermograms, showing the body’s superficial tem-
perature distribution [2]. In this process, each shade expresses a specific temper-
ature range (see Fig. 1).

Thermography has a long history, although its use has increased dramatically
with the commercial and industrial applications of the past fifty years. Infrared
rays were discovered in 1,800 by Sir William Herschel and approximately thirty
years later the first infrared detector was developed. For a long period, infrared
detectors were only used by the scientific community and for military purposes. In
the end of the 60s the first commercial infrared cameras appeared and in the 90s a
new generation of equipment emerged, which increased its applicability in several
fields including building diagnosis.

Infrared thermography is now a useful tool for engineers, architects and con-
sultants allowing the evaluation of existing buildings and the identification of
potential problems. It is a non-contact and non-destructive technique, which is able
to identify surface temperature differences [3].

Most pathologies are related with temperature action. The use of non-
destructive techniques to test a building material or component may be very useful

Fig. 1 Visible image and thermogram of the Carmo Church’s fagade covered with “azulejos”
(ceramic tile) in Porto, Portugal
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by making it possible to evaluate its behaviour without destroying it and without
interfering with the users’ life [4-6].

Despite thermography’s potential uses in buildings, its application has not been
greatly standardized. The parameters that may affect measurements aren’t com-
pletely understood and interpreting the results becomes difficult and confusing.

The main objective of this work was to evaluate the applicability of ther-
mography to study the behaviour of building materials and building envelopes. On
the other hand, based on some simple experiments that were carried out at the
Building Physics Laboratory (LFC) of Faculty of Engineering of Porto University
(FEUP), an attempt of systematizing test procedures is made hoping that it may be
valuable for future users of this technology.

2 Infrared Thermography
2.1 Principles

Infrared energy is part of the electromagnetic spectrum. It travels through space at
the speed of light and can be reflected, absorbed and emitted. The wavelength (1)
of infrared energy is between 0.75 and 1,000 pm. It can be divided into three parts:
near-infrared, from 0.75 to 1.5 pum, mid-infrared, from 1.5 to 20 um and far-
infrared, from 20 to 1,000 um (see Fig. 2).

The Stefan-Boltzmann law calculates the total amount of radiation emitted by
the blackbody at a certain temperature 7, in every direction and over all wave-
length [7].

R =0T (1)

where R, is the total blackbody spectral radiance (W/mz), o is the Stefan-Boltz-
mann constant (¢ = 5.67 x 10~% W/m?K*) and T is the temperature (K).

Normally real surfaces don’t behave like a blackbody. The property that tra-
duces the emissive capacity of a real surface is emissivity (¢) that can be defined as
the ratio of the radiation emitted by the surface to the radiation emitted by a
blackbody at the same temperature [7].
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Fig. 2 Electromagnetic spectrum
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When the spectral component of the radiant energy interacts with a semitrans-
parent surface, part of the radiation may be reflected, absorbed and transmitted. The
reflectivity (p) is a property that determines the fraction of the incident radiation that
is reflected by the surface, the absorptance () is a property that determines the
fraction of the radiation absorbed by the surface and the transmissivity () is the
property that determines the fraction of the radiation that is transmitted through the
surface. The sum of these three parameters is equal to one [8].

a+p+1=1 (3)

According to the Kirchhoff Law, at thermal equilibrium, the emissivity of a
surface equals its absorptance [7].

o= (4)
Considering Kirchhoff Law, Eq. (3) can be rewritten as:
e+ p+1=1 (5)

The non-blackbody emitters for which the emissivity is constant regardless of
the wavelength are called grey bodies. The total amount of radiation emitted by the
grey body can be calculated using the Stefan-Boltzmann law and considering the
emissivity of the surface, e.

R, = ¢o.T* (6)

2.2 Factors Affecting Infrared Thermography Measurements

It is well known that several parameters affect thermographic measurements,
namely, emissivity, reflectivity, absorptance and others [3, 9]. To evaluate the
influence of some of these parameters, simple tests were carried out using the
LFC’s thermographic equipment, both in laboratory and “in situ”.

2.2.1 Emissivity

Emissivity is one the most important parameters in thermographic measurements,
especially when a quantitative study is intended (measurement of real values of
surface temperature and not only of the surface temperature differences). To assess
the influence of emissivity two laboratory tests were carried out.
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One of the laboratory test consisted of partially immersing a specimen of
cellular concrete in water followed by a drying period. The test was performed
under steady state conditions, inside a climatic chamber. Thermal images were
obtained using four different values of emissivity: 0.62, 0.85, 0.91 and 0.95.

As expected [3, 9-11], the results showed that emissivity variation induced
changes in the thermal images, during absorption (see Fig. 3). By looking at the
thermal images it was possible to say that the images obtained with emissivity 0.62
were quite different from the remaining ones. The differences between the other
thermograms (emissivity’s 0.85, 0.91 and 0.95) were not very significant [12].

Another laboratory test consisted of measuring the surface temperature of a
lime stone sample in hygrothermal equilibrium with the environment. Thermal
images were obtained using three different values of emissivity: 0.60, 0.80 and
1.00. The surface temperatures measured at the same point on the specimen vary
considerably according with the emissivity (see Fig. 4). For the lower values of
emissivity, the changes in surface temperature of the lime stone specimen were
greater than 1.5 °C: with emissivity of 0.60, the obtained surface temperature was
12.2 °C; with emissivity of 0.80, the surface temperature obtained was 13.9 °C
and with emissivity of 1.00, the surface temperature obtained was 14.9 °C.

Fig. 3 Thermograms of a cellular concrete specimen during absorption phase obtained with
different emissivities: a ¢ = 0.62. b ¢ = 0.85. ¢ ¢ = 091. d ¢ = 0.95
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Fig. 4 Thermograms of lime stone specimen obtained with different emissivities: a ¢ = 1.00,
Tmeasured = 14.9 °C. b ¢ = 0.80, Tmeasured = 13.9 °C. ¢ ¢ = 0.60, Tmeasured = 12.2 °C

These tests showed that if a quantitative evaluation is intended, the emissivity
values must be precisely determined. However, if the study aims for a qualitative
evaluation of the results, the selected emissivity value is not very important.
Nevertheless, a judiciously selected emissivity value may simplify the interpre-
tation of the thermal image.

2.2.2 Reflectivity

The material reflectivity may cause some problems in infrared radiation mea-
surements. The energy captured by the camera results from the sum of two parcels,
if the body is not transparent to infrared radiation:

e The body reflects a fraction of the energy emitted by the atmosphere and sur-
rounding objects;
e The body emits radiation as a function of its surface temperature.

Several examples of reflection are presented in Fig. 5: (a) effect of reflectivity
on the thermal image of a ceramic floor - the hotter area in the bottom left of the
image results from the ceramic surface’s thermal reflection [13]; (b) reflection of
the operator on a metallic surface; (c) reflection of a light bulb in a window.

sV, EE

Fig. 5 Importance of reflective surfaces on thermographic measurements: a effect of reflectivity
on the thermal image of a ceramic floor. b reflection ofthe operator on a metallic surface. ¢
reflection of a light bulb in a window
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2.2.3 Absorptance

To assess the influence of colour/absorptance of the surface on thermographic
measurements two “in situ” tests were performed. One of them consisted in
obtaining thermal images of the Carmo Church, in Porto, Portugal. The Carmo
Church’s east facade is covered with hand-painted ceramic tiles. The colouring
varies between white and several shades of blue (see Fig. 1). The thermal image
shows remarkable temperature differences caused by the colour variation [14].

The other test that was performed consisted on painting a lime stone sample
using different colours and assessing the effect of absorptance (see Fig. 6: (a) black
(b) white, (c) dark blue, (d) green, (e) red, (f) yellow). Thermograms were taken
with the sample in thermal equilibrium with the environment and no temperature
differences were detected in the thermal image. However, after the exposure of the
sample to solar radiation, the surface temperatures measured on different colours
were quite different. Black and dark blue presented the highest temperatures,
followed by green and red, yellow and, finally, white.

When the facade is painted with different colours, especially if there is a small
colour pattern, the effect of the sun can conceal completely the results obtained.

(Visible image)

33.0
32.0
31.0
30.0
29.0
28.0
27.0
26.0
25.0
(Thermogram — after solar radiation)

(Thermogram — thermal equilibrium)

Fig. 6 The effect of absorptance on different colours of the surface: a black, T(after solar
radiation) = 30.4° C. b white, t(after solar radiation) = 27.3° C. ¢ dark blue, T(after solar
radiation) = 29.3° C. d green, T(after solar radiation) = 28.6° C. e red, T(after solar radiation) =
28.6° C. f yellow, T(after solar radiation) = 27.9° C
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Even on a cloudy day, the diffuse solar radiation can affect the thermal patterns on
the exterior of the building. Of course, on a plain fagcade solar radiation can be very
useful to detect anomalies using thermography.

2.2.4 Other Factors

The existence of heat sources near the measurement area, such as radiators and
artificial lights may affect the results. The severity of the interference from these
sources depends on their radiation power and reflection from the surface under
study (see Fig. 7).

The existence of shadows on the building, resulting from the presence of other
buildings, trees or other neighbouring elements can lead to wrong conclusions (see
Fig. 8). Also moist surfaces, after rain fall, may affect the interpretation of the
results if not taken into account (see Fig. 9). Moreover, thermography is hardly
applied when objects are in thermal equilibrium and without any thermal gradient
(see Fig. 10).

Fig. 7 Influence of heat sources near the measurement area: a radiator and upward movement of
warm air from the radiator (left side of the image). b effect of the operator on the measurement—
b.1 operator near the camera (with higher temperature) and b.2 no operator near the camera (with
lower temperature)

Fig. 8 Influence of shadows (visible image and thermogram)
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Fig. 9 Influence of moist surfaces, after rain fall (visible image and thermogram)
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Fig. 10 Influence of thermal gradient: a sample in equilibrium with the environment and
b sample with higher temperature than the environment

3 Infrared Thermography Applications to Building
Assessment

Infrared thermography has been applied since 1960 in many fields for several
purposes. To the building assessment, it is commonly used since the 1990s.
However, during the past few years, interest in the use of thermography for building
inspections has increased, mostly due to lower infrared equipment costs. This
technology enables the analysis of building structure, assemblies and materials. It is
possible to identify missing insulation areas, air infiltration/exfiltration, poor win-
dow seals, areas of moisture infiltration, HVAC systems, plumbing or electrical
components, construction details, etc. In the following sections a brief state-of-the-
art of infrared thermography applications’ to building assessment is presented.
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3.1 Thermal Comfort of Floor Coatings

The comfort of interior floor coatings is very important for the well-being of
building users, especially in bedrooms and bathrooms where people commonly
walk barefoot. Although comfort depends on floor and environmental tempera-
tures, it is also determined by the material’s thermal characteristics, namely,
thermal diffusivity and effusivity. Infrared thermography can be used to evaluate
the comfort of interior floor coatings by comparing effects from barefoot contact
with different materials [12,15,16] (see Fig. 11).

3.2 Detachments

Tests performed by Chew[10] pointed out the thermography potential to evaluate
detachments on tile facades. The laboratory evaluation consisted on using samples
composed by: concrete slab, cement sand screed with detachments of different
diameters of hollowness and exterior ceramic wall tiles adhered with epoxy. After
immersing the samples in water, thermograms were taken under controlled air
temperature, with artificial lighting switched off and with no heat sources nearby.
The test sample surface was heated up to acquire cross-sectional temperature
gradient with four infrared lamps. It was possible to conclude that thermography
was effective in locating the simulated detachments, especially for detachments
with greater diameter.

Sakagami et al. [17] showed that using infrared thermography under microwave
heating is a useful testing technique to detect superficial cracks in concrete
structures. The work developed showed that applying microwave heating to the

Fig. 11 Assessment of comfort of interior floor coatings: a standard temperature. b after being in
contact with carpet. ¢ after being in contact with granite
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concrete structure with wet cracks, water in the cracks can be selectively heated,
which leads to a specific temperature distribution around the crack enabling an
easier detection. Preliminary experimental investigation was carried out for mor-
tar-block specimens with artificial cracks using a microwave oven.

Studies made by Cerdeira et al. [18] focused on stone panel defects. Laboratory
tests under controlled conditions were performed in scale models reproducing a
real building envelope. The front face of the models was coated with stone panels
with different thickness. In the mortar existing between the brick layer and the
stone panels, a series of detachments with different size and shape were introduced
to simulate the lack of adherence. A hot air generator was placed inside the models
to set up the thermal gradient. The areas with defects were detected with lower
temperatures than the surrounding areas as the air gap increased the thermal
resistance of the wall. Higher thermal gradients between the interior and the
exterior of the models lead to higher temperature differences between the defect
and the surroundings. In the thinner stone panels the defects were detected more
clearly. It was concluded that infrared thermography can be a valuable mainte-
nance technique to detect detachments.

The latest study was made by Simdes et al. [19] in which two set of experiments
were carried out with four models of direct adhered ceramic tiles to simulate
different defects and inappropriate adhesion of the adhesive layer using lock-in
thermography. The tests were arranged with two halogen lamps of 2,000 W turned
on for 30s and followed by a cooling phase of 60s. The results obtained showed
that this technique allowed the identification of the defects, especially for those
with larger dimension, but the induced detachment was not identified.

The detection of detachments in real building fagades is also possible using the
solar radiation as a heat source (see Fig. 12).

(a)

Fig. 12 Detachments observed with sunlight falling on the facade at: a 4.30 pm and b 11.30 pm
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3.3 Moisture Anomalies

Dampness or changes in moisture content can also be detected by thermography,
as surface temperature changes occur due to evaporative cooling [20], decrease of
thermal resistance and increase of heat storage capacity of the moist material [21].

Balaras and Argiriou [22] made some recommendations for detecting water
damage on roofs. They stated that inspections should be performed at night when
the roof surface is still dry. Day-time surveys must be avoided once direct solar
radiation can cover-up potential differences caused by the wet insulation. The
moisture damage was detected by exploiting the thermal properties of water. As
water has higher specific heat than other materials used on roofs, water loses or
gains heat are much slower than other materials under similar conditions. A wet area
retains the absorbed heat for a longer period than a dry mass and therefore takes
longer to radiate heat during the night. Hence, it is detected by higher temperatures.

Avdelidis et al. [23] analysed the infrared thermography applicability in the
detection of water movement and concentration in porous stones.

Grinzato and Cadelano [24] monitored the moisture content of a wall. The tests
were carried out on a church fresco without applying thermal stress by artificial
heat sources. The testing procedure consisted on increasing the evaporation rate of
the surface by enhancing the air speed and recording, at the same time, a sequence
of thermograms (before, during and after the increasing of the air speed). The
results showed that it is possible to quantify the evaporation of a surface based on
decreasing temperature, due to evaporation, as the intensity of the evaporation rate
is related to the speed of temperature change.

Lerma et al. [25] also evaluated the detection of moisture on a building facade
by making a qualitatively map of the surface moisture based on multi-temporal
thermal analysis. This analysis is based on the different thermal behaviour of wet
masses compared to dry masses over time due to temperature variations.

Rajewski and Devine [26] showed that thermal anomalies can be detected
during the winter as building heat is conducted through wet insulation more
rapidly than through dry insulation, thus, creating a warmer surface over the wet
insulation. Moisture leaks and roof water damages were identified as areas with a
higher temperature since damp insulation has a different overall heat transfer
coefficient.

Rising damp on walls can also be detected by infrared thermography. The water
level in the wall is detected due to superficial temperature variation, which is a
result of evaporation at the wetted surface (see Fig. 13).

3.4 Thermal Bridges

Infrared thermography can be used to locate the position and to assess the mag-
nitude of thermal bridges in existing buildings, as thermal bridges increase
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Fig. 13 Moisture detection (rising damp—visible image and thermogram)

significantly heat loss through buildings components, especially with higher
insulation levels (see Fig. 14).

As showed by Balaras and Argiriou [22], taking an outdoor thermogram of the
structural component during winter, thermal bridges appear as light coloured areas
because the heat losses from the indoor heated space cause a temperature increase.
An indoor thermogram of the component during summer will show a similar
image as a result of the absorbed solar heat gains from the external surface that are
conducted through the building materials.

Asdrubali et al. [27] proposed an analytical methodology to quantitatively
analyse some types of thermal bridges, which was validated by experimental and
numerical analysis.

3.5 Air Leakage

Air leakage through windows and doors allows unwanted outdoor air to enter
inside the building (infiltration) or indoor air to escape (exfiltration). Outdoor air

Fig. 14 Thermal bridge in a
building detected by IRT

3




104 E. Barreira et al.

Fig. 15 Air leakage through
window detected by IRT

increases heat losses in winter and heat gains in summer, thus, increasing both
heating and cooling loads. A common location for air infiltration is around a
window or a door frame. Infrared thermography is commonly used with a blower
door test running. The blower door helps exaggerate air leaking through defects in
the building shell and such air leaks are detected by the infrared camera (see
Fig. 15).

3.6 Missing or Damaged Insulation

Infrared thermography allows checking the effectiveness of insulation in a building
[3,28]. Thermal insulation reduces heat losses by conduction through the building
envelope (i.e. walls, roofs) during winter and heat gains during summer. Missing
or damaged insulation can be located by infrared cameras (see Fig. 16). According
to Balaras and Argiriou [22] when the thermogram indicates a temperature dif-
ference of about 11 °C between the internal and external surface temperature that
could indicate problems with the thermal insulation.

Fig. 16 Missing insulation
detected using IRT
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T

Fig. 17 Detection of “hidden details” using IRT

3.7 Hidden Details

Infrared thermography can be used to detect “hidden details”, as subsurface pips,
ducts, wall ties, thermal resistances from radiant floors, etc. (see Fig. 17).

4 Detailed of Test Procedures

The guarantee of accurate assessment of building components using infrared
thermography can only be achieved if inspection methodologies are available. This
section provides detailed information about three test procedures to assess comfort
of floor coatings (see Table 1), to detect detachments (see Table 2) and to evaluate
wetting and drying processes of building materials (see Table 3). These tables, in a
summarized and systematized manner, give particular emphasis to the objectives,
procedures and obtained results. A critical analysis is presented at the end.

5 Conclusions

Thermography is a non-destructive testing technology with much potential to be
applied to building diagnosis. Research studies developed at the Building Physics
Laboratory (LFC) revealed that emissivity is an essential parameter, since it
greatly influences thermographic measurements and may restrict the application of
this technology to buildings. However, if the study aims for a qualitative analysis
of the results, the selected emissivity value is not very important. It was also
possible to confirm the influence of the material reflectivity on the results obtained.
Colour or absorptance to solar radiation must also be considered during thermo-
graphic testing, as it may mask the results and cause misinterpretation, especially
if the facade is painted with different colours and there is a specific small colour
pattern. Other tests carried out emphasise the effect of heat sources near the
measurement area, shadows on the building and moist surfaces after rain fall. On
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Table 1 Resume of the comfort of floor coatings experiments

Comfort of floor coatings

Laboratory Tests—Setup

Laboratory Tests—Results

Cork Wood Vinyl
Thermograms after 1 min of contact

Carpet Cork Wood Vinyl Ceramic tile Granite

Thermograms after 2 min of contact

Objective Assess the comfort of interior floor coatings using thermography

References [12,15,16]

Procedure The comfort is evaluated qualitatively by comparing a reference thermogram of

the foot surface temperature with two thermograms made after two contact
times (1 min to assess initial discomfort and 2 min to study discomfort
progress over time). Six samples of floor coatings (carpet, cork, vinyl, wood,
ceramic tile and granite) were used

The study was carried out inside a climatic chamber under stable conditions of
temperature and relative humidity (T = 20 °C, RH = 60 %) and the
emissivity was set to 1.0

(continued)
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Table 1 (continued)
Comfort of floor coatings

Results Different temperatures were obtained for the six samples that result from the
different thermal characteristics of the materials related to the propagation of
heat. These heat exchanges are a function of the thermal diffusivity (the higher
its value, the quicker the propagation and greater the heat flow through the
material) and the thermal effusivity (reflecting the ability to absorb or store
heat). The heat transfer between the foot and the material will be faster with
higher values of the effusivity and thermal diffusivity

The surface temperature of the foot is always lower than the reference
thermogram and it was observed that the initial contact is more comfortable
with carpet followed by cork, wood, vinyl, ceramic and, finally, granite. With
the increased contact time for 2 min, the thermal equilibrium is approaching
and the discomfort is attenuated. An increase in the surface temperature of the
foot is observed without significant differences for carpet, vinyl, wood and
cork. For ceramic and granite the temperatures are lower

Equipment Thermo Tracer TH1 101 (measurement accuracy: + 0.5 °C; resolution: 0.1 °C
and spectral band: 8-13 um)

Critical Thermography is a very interesting technique to evaluate the comfort of a bare

analysis foot in contact with floor coatings, which have the same temperature but where
the heat exchange varies according to the material properties

the other hand, it was also concluded that thermography cannot be used to study
objects in thermal or hygroscopic equilibrium, as temperature differences between
the object and the environment must be significant.

Infrared thermography is a useful technology to study the behaviour of build-
ings and building components. Examples of its application are presented, namely,
to assess the comfort of interior floor coatings and to detect detachments of walls
coatings, moisture anomalies, thermal bridges, air leakage and missing or damaged
insulation.

Finally, detailed information about three test procedures is provided, summa-
rized and systematized in the form of tables. These tables include information
about the objectives of the study, test procedures, obtained results, equipment that
was used and, at the end, a critical analysis of the applicability of thermography to
the study carried out. The information is related with:

e Evaluation of the comfort of interior floor coatings. Thermal images were
obtained from the sole of a barefoot after having been in contact with different
floor materials. Since the superficial temperature variation, after contact
between the foot and the material, is related with discomfort, a comparison of
thermograms revealed the various material comfort levels.

e Detection of detachments of wall rendering. The detachment creates an air layer
and thermal resistance to heat flows, which enables the temperature differential
to be assessed. Two phases can clearly be distinguished, both in laboratory and
“in situ”. In the heating phase, the thermal resistance caused by detachment
impedes the absorbed heat from reaching the interior, which means that the
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surface temperature is higher in the detachment. In contrast, in the cooling
phase, the heat absorbed by the facade is prevented from reaching the surface,
which means that surface temperatures are lower in the detachment, due to the
reduction in thermal capacity.

Assessment of the wetting and drying process of building materials. Tempera-
ture differences due to superficial water evaporation provided a mean of rec-
ognising “wet” and “dry” areas. It was also possible to evaluate the material’s
approximate drying time since small superficial temperature variations indicate
that moisture is rather significant. Thermography, however, detects only
superficial moisture.
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