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Infrared thermography is an interesting non-contact
evaluation technique which relies on surface thermal
gradient. It is used to identify dissimilarity in geo-
metry or material property. The application of this
method in civil engineering is limited, as concrete
components are heavy and require large amount of
heat to reveal differential thermal gradients. Hence,
the present work focuses on assessing the applicability
of the infrared thermography technique for civil engi-
neering structures under ambient conditions using
solar heat. For the study, the exterior frames in real
structures have been chosen, wherein the reinforced
concrete and masonry members are not explicitly visi-
ble to the eye. The initial studies showed that the
thermograms revealed different temperature gradi-
ents corresponding to the main beams and masonry
walls, thus aiding in their identification. However,
when the method was extended to multi-storey framed
structures, the thinner elements like lintel beams
could not be identified. The application of improved
thermography technique using wavelet packet analysis
to two test structures showed that lintel beams could
also be identified. Also, the possibility to evaluate the
geometric dimensions of structural members and floor
heights, using the thermogram and a reference dimen-
sion, has been studied on two test structures. The
geometric dimensions could be evaluated with more
than 90% accuracy.

Keywords: Brick masonry, concrete, infrared thermo-
graphy, structural element, wavelet packets.

INFRARED thermography is a fast-growing research field.
Thermography has found applications in swine flu detec-
tion; cancer diagnosisl; overheating of circuit boards,
transformers and study of equipment reliability'?; and
monitoring molten slag in iron and steel factories®.
These applications of thermography rely on the ability of
the object under diagnosis to emit infrared (IR) rays
because of the inherent heat in the test medium. In all
these cases, as no external heat source is required, the IR
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camera alone is sufficient to perform the study and is
called passive thermography.

However, the evaluation of composites in aerospace
industry’’ uses active infrared thermography (IRT). In
the active type IRT, filtered incandescent source or IR
diode illuminator or filtered xenon flash is used to pulse
heat energy into the test object for a short period of time.
The composite components which are thinner have been
found to respond to the thermal pulse and thus yield dif-
ferential thermal gradients if delaminations/defects are
present.

The applicability of IRT to concrete and masonry
structures is constrained by the fact that they do not pos-
sess inherent heat flow. This implies that an external
heating source needs to be employed. The massive size of
the structural elements in civil engineering demands
much stronger heating than that available from the IR
flash lamps. The IR flash lamp being popularly used as a
heating source in aerospace engineering, could not be
used for concrete and masonry structures because of their
lower heat intensity.

In concrete structures, IRT is being popularly employed
for detection of shallow depth delamination®’. Further,
research on the applicability of IRT for civil engineering
applications is being pursued'’. Research in the recent
past has led to the detection of defects in pavements'',
embankment deterioration'? and non-destructive testing
in concrete'>'*. However, in India, limited research or
application of this method has been observed from the
literature.

In the present work, ambient solar heat has been used
to identify and differentiate between the concrete and
masonry elements. The present work focuses on the exte-
rior frames of the reinforced concrete (RC) structures for
identifying these elements. Especially in a growing field
like the IRT technique, the application of numerical tech-
niques to improve the results is always appreciable. Also,
many-a-times, the available commercial package might
not be in a position to provide satisfactory results. The
present work focuses on applying the wavelet packets for
denoising and improving the thermograms captured using
the IR camera. It is proposed to identify the location of
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smaller elements like lintel beams which are not expli-
citly visible in the IR thermogram.

Infrared thermography

IRT relies on infrared rays emitted by the test object to
develop the thermograms. William Herschel discovered the
presence of IR rays in visible light in 1800. Only in 1830,
the first detectors were developed for IR rays. IRT is based
on the principle that all bodies, above absolute zero tem-
perature (0 K), emit heat/thermal infrared radiations. It has
also been observed that the intensity of this radiation
depends on the wavelength and temperature of the body".
Subsequently, the focus of research shifted towards the
development on IR detectors till the mid-1900s. With the
development of better IR detectors, the thermography tech-
nique gained popularity for various applications.

Here, the Planck’s law is used to evaluate the radiance
of heat from a blackbody, and its inverse is used to evalu-
ate the temperature on a blackbody. Later, Wien’s law and
Stefan—Boltzmann law have strengthened the thermography
method in evaluating the temperature on the body surface'’.
The thermography method uses a camera capable of detect-
ing the radiations/rays in the IR zone.

The VarioCam® HR RESEARCH 600 camera has been
used in the present work (Figure 1). It is an uncooled IRT
camera with temperature sensitivity of 0.03 K at 30°C.
The camera has a graphic resolution of 1280 x 960 pixels.
IR cameras with the best temperature sensitivity and
graphic resolution are now preferred for research applica-
tions. While the temperature sensitivity plays an impor-
tant role in enabling the visualization of subtle changes in
the temperature of the test object, the graphic resolution
is important in providing clarity in the thermogram
image.

The IRT camera resembles a camcorder, but detects
variations in IR emission and displays them as thermal
gradients in real-time. This camera feature is being used

in thermography method. It needs to be mentioned here
that the IRT method is a non-contact method which makes
it possible to conduct the evaluation process at a distance
from the test object. Also, the IRT method does not involve
the use of any radiations harmful to the operator. It only
uses the radiations from the test object for the evaluation.
Hence, this technique is harmless to use.

Many-a-times the collected raw signals need to be
filtered to remove the noisy components. This helps in
improved interpretation of the results. In the present
work, it is proposed to apply the wavelet packet analysis
to improve the IR thermograms with the aim of obtaining
more details about the structural elements.

Wavelet packets analysis

Wavelet packet is a type of wavelet transform. Wavelet
transform is a signal processing technique being popularly
used for filtering unwanted frequencies in the signal'®'®.
Wavelet transform has found applications in several en-
gineering disciplines. It is being popularly used in several
applications like the construction of JPEG2000 images,
data compression and noise reduction'’, edge detection in
images and in structural applications for system identifica-
tion®’, nonlinear analysis®', earthquake analysis®**’, ana-
lysing bridges®®, smart structures”*°, vibration control®’,
damage identification®®*, fire damaged structures® and
many other structural applications.

In the earlier research works™™', the need was to seg-
regate the high frequency content from the low frequency
counterparts, to identify the location of damage. A one-
level analysis using discrete or continuous wavelet trans-
forms was used. In the present work, the powerful wave-
let packets have been used. The wavelet packet analysis
is preferred over the other types of wavelet transform
when the signal contains closely placed frequencies. With
wavelet packets, it is possible to eliminate narrow range
noisy frequency bands.

Figure 1.
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Infrared thermography equipment. a, IR camera; b, Camera and processing laptop.
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The 1D wavelet transform produces two components
when applied to a signal as shown in Figure 2. In other
words, the wavelet filter bank uses a low-pass and high-
pass filter to produce two components (Figure 3 a). The
inverse transform is used to reconstruct the signal using
the approximations (Figure 3 b).

The mother wavelet forms the basis of the wavelet
analysis. The mother wavelet is a waveform that has
limited duration and an average value of zero. Based on
this mother wavelet, the wavelet kernel can be expressed
by

Vs (0) =ﬁw[%} (1)

where ¢ is the time and a and b are real. Here, the scale
and translation parameters (j and k) are chosen based on
powers of two, and there exists w(f) with good time—
frequency localization property. The set of functions w(¢)
is denoted as:

v =2"y (2 -k, ()

which constitutes an orthonormal basis for L*(R). Here j
and k are integers and L*(R) denotes the class of
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Schematic of the wavelet transform and its components.
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Figure 3. Schematic of the decomposition (a) and reconstruction (b)
in 1D wavelet transform.
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measurable square-integrable function x(#) in R. Any sig-
nal x(¢) in L*(R) can be expressed as a sum over j, k of
the product of (the inner product of f'and ;) and y;(f)
expressed as:

x(1) :Z<f’l//j,k>l//j,k(t)’ (3)

Jik

This is called the discrete wavelet transform (DWT). In
wavelet transform analysis, one of the important charac-
teristics which help in selection of a particular wavelet
for a problem is the number of vanishing moments of the
wavelet. The nth moment of a function w(¢) is represented
by |”, t"w (t)dz. When m + 1 moments of the wavelet are
zero, |” t"w(t)dt=0 for n=0, ..., m, then the number
of vanishing moments of the wavelet is m. When a wave-
let has m vanishing moments, suppression of signals that
are polynomials of a degree lower than or equal to m is
ensured. In other words, if a wavelet is m times differen-
tiable, the wavelet has at least m vanishing moments.

Wavelet packet analysis employs multiple decomposi-
tion of approximations and details to many levels. That
is, it involves the application of the one-dimensional
wavelet transforms several times in a procedural manner.
This empowers the user to exercise better control on fil-
tering the noise. The wavelet packet analysis is schemati-
cally represented in Figure 4. The processing of signals
using wavelet transforms requires the selection of the
appropriate mother wavelet from the several available
functions. The effectiveness of the mother wavelet func-
tion for a particular problem is dependent on the identifi-
cation of its number of vanishing moments. Studies have
been carried out to identify these parameters and routines
have been developed using Matlab® software to enhance
the thermograms.

Experimental studies

Studies using infrared thermography

The first test structure (TS1) is a simple structure with
masonry walls and RC beam-cum-slab on the roof. The
structure houses the water pump for a laboratory. The
experiment has been carried out under ambient heating at
noon. The maximum day temperature recorded on that
day was 30°C. IRT method has been applied to identify
the differential emissivity from different materials,
namely masonry and reinforced concrete. Figure 5 shows
the test structure and its thermogram. As masonry and
concrete have different heat absorption and emission
characteristics, over a period of time they have been
observed to reach different temperatures. This results in
different levels of IR emission from the two materials.
Hence, the thermogram clearly shows the masonry and
RC structural elements in different colours.
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Figure 4.

Figure 5.

In the second case, a laboratory shed structure (TS2)
has been studied. The exterior frame of the structure has
been studied for RC columns, beams, purlin and masonry
infill. In this case, even though a clear view could not be
obtained because of the presence of trees in the prox-
imity, it has still been possible to identify the structural
members from the thermogram. The photograph of the
structure and the thermogram are shown in Figure 6 a and
b respectively. The identified structural elements are
highlighted for better understanding in the thermogram
(Figure 6 b). To improve the understanding, two more test
structures (TS3 and TS4 respectively) have been studied.
The structural elements identified from the thermogram
are indicated for better clarity. The thermogram of TS3
and TS4 are shown in Figures 7 and 8 respectively.

In all these cases, IRT has been used to identify the
masonry wall and the RC beams. These case studies have
been demonstrated under ambient solar heat. It may be
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Schematic of the wavelet packet analysis.

Beam
Wall

Thermogram of a pump house building (TS1). a, Test structure 1; b, Thermogram.

noticed here that the heat energy used in this case is much
higher than that produced in active thermography flash
lamps. Thus, it can be observed that even with sustained
mild heating (obtained from ambient conditions), it is
possible to identify structural elements with different mate-
rial properties. But, when the same procedure was extended
to multi-storey framed structures, difficulties arose in
identifying the smaller RC members like lintel beams.
Hence, it is proposed to apply denoising and enhance the
details that could be obtained from the thermogram.

Studies using improved infrared thermography

The improved thermography technique uses the wavelet
packets for the processing and enhancement of the results
from the IR thermogram. By applying improved signal
processing techniques, the less trivial details are enhan-
ced and it is expected to improve the non-destructive
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Figure 7.

Figure 8.

evaluation using IRT. For the investigation, two test
structures (TS5 and TS6) have been considered which
include a two and three storeyed framed structure.

The proposed improved thermography technique in-
volves the selection of the appropriate mother wavelet
function, its number of vanishing points, and the number
of levels of decomposition. After detailed study, it has
been observed that the Daubechies wavelet function with
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Structural element identification on structure TS3. a, Test structure 3; b, Thermogram.

Beam

Structural element identification on structure TS4. a, Test structure 4; b, Thermogram.

four vanishing moments is effective in denoising thermo-
grams. It has also been identified that signal decomposi-
tion up to fourth level needs to be performed to
effectively improve the thermogram. For conducting the
wavelet packet analysis, routines have been developed
using Matlab”. One-dimensional wavelet packet analysis
has been used in the present work. Denoising has been
carried out along each line of the vertical axis (Y-axis)
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Figure 9.
region 44 in Figure 9 b.
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Figure 10. Investigation of a two-storey building wall. a, Test structure 6; b, Thermogram, ¢, Improved IRT results for region BB in Figure 10 b.
Table 1. Estimation of the possible geometric dimensions from the infrared thermogram
Difference Evaluated Actual Estimation
(pixel) dimension (m) dimension (m) error (%)
Test structure 5
Ground floor roof beam 34 0.58 0.58 -
First floor roof beam 31 0.52882 0.58 8.82
First floor height 243 4.14529 3.86 7.39
Test structure 6
Portico height 184 2.1 2.1 -
Portico thickness 25 0.28533 0.31 7.96
Ground floor height 322 3.675 3.8 3.29
First floor height 305 3.48098 3.635 4.24

alone. This is because the variation in the thermal gradi-
ent along the vertical axis reveals the main and lintel
beams. Hence, to improve the thermograms, denoising
has been carried out along the vertical axis alone.

A photograph of TS5 is shown in Figure 9 a. The ther-
mogram obtained for the exterior frame shows the beams
and columns clearly (Figure 9 ). However, the smaller
RC members like lintel beams cannot be observed in the
thermogram. The region AA as indicated in Figure 95

CURRENT SCIENCE, VOL. 108, NO. 10, 25 MAY 2015

has been selected for applying the wavelet packet analysis.
This region has been selected to reduce wide variations in
the temperature and thus facilitate in the effective analysis
of the thermogram. The filtering analysis has been applied
and the thermogram is improved to identify the lintel
beams between the ground floor and first floor main
beams. The improved thermogram is shown in Figure 9 c.

On similar lines, the sixth test structure (TS6) has been
tested using IRT. A photograph of the test structure and
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the thermogram are shown in Figure 10a and b respec-
tively. Here, the main beams are identifiable from
the thermogram. The region BB indicated in Figure 105
has been considered for the wavelet packet analysis. The
improved thermogram is shown in Figure 10 ¢, wherein
the lintel beams between the ground and first floor beams
are identifiable. Thus, it can be observed that the results
of the thermogram obtained using the IR cameras have
been improved using signal processing techniques to en-
hance the non-destructive identification process.

Estimation of geometric dimensions using the
thermogram

To further exploit the thermogram for more details, an
attempt was made to evaluate the geometric dimensions
from the thermogram. Towards this, the thermogram was
converted into ASCII format, loaded into MATLAB®
software and converted into pixel data. The pixel dataset
contains RGB information at each pixel. Now, the pixel
data corresponding to any one of the structural members
was mapped to its actual geometric dimension. This map-
ping was then used to evaluate the dimension of other
structural elements observed in the thermogram. The
dimensions were compared with the actual values and the
errors studied.

To conduct this study, TS5 and TS6 (shown in Figures
9a and 10 a respectively) along with their thermograms
(in Figures 95 and 10 b respectively) are considered. To
demonstrate the evaluation of the geometric dimensions,
only the vertical dimensions were considered. Here, care
was taken to compute the pixel information correspond-
ing to a constant X-axis value. Thus, it was ensured that
the dimension is measured along the vertical axis. How-
ever, any minor tilt of the structure in the thermogram
image, that is present with respect to the vertical axis was
not considered. It needs to be noted that this is also ex-
pected to contribute to the error in the evaluation of the
dimensions. As the thermograms have been captured at
acute angle to the transverse direction, the horizontal di-
mensions could not be evaluated. However, the procedure
is obvious and the evaluation process could be extended
to other directions if the thermogram was captured with-
out any camera inclination.

To evaluate the vertical dimensions in TS5, the size of
the ground floor roof beam was used for pixel mapping,
i.e. the 34 pixels in the thermogram correspond to a beam
size of 0.58 m. Now, the first floor roof beam size and
first floor height were evaluated. Details of the evaluation
are shown in Table 1. It has been observed that the
dimensions could be evaluated with errors less than 9%.
Similarly, in TS6 the portico height has been taken as
reference, for mapping the pixel data. Then, the portico
thickness, ground floor and first floor height were evalu-
ated. Here too, it has been observed that the errors in
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estimation are less than 8%. Table 1 shows the actual and
evaluated dimensions of TS6. Thus, it has been demonstra-
ted that the thermogram could be used for evaluation of
geometric dimensions also with more than 90% accuracy.

Conclusions

The present study focuses on applying the IRT technique
to civil engineering structures. The initial part of the
study focussed on identifying the beams and masonry
walls using the IR thermogram. Four test structures were
considered for the initial investigation. Results indicate
that the IRT could be used to identify the RC and ma-
sonry members without ambiguity, under ambient condi-
tions. However, when the same technique was extended
to the RC framed structures, it was observed that the
thermograms revealed lesser information. The expecta-
tions to differentiate between the RC and masonry ele-
ments were constrained as the lintel beams could not be
identified. Hence, wavelet packet analysis was adopted to
improve the thermograms. Two test structures were
studied for demonstrating the need for improved post-
processing. The wavelet packet analysis has been used to
effectively reduce the noise in the thermograms and
hence bring out the thermal gradients corresponding to
the lintel beams. Thus, it has been demonstrated through
this study that thermal gradients smudged in the noise
could be brought out by the application of an appropriate
and effective denoising technique. From the results it has
been observed that the lintel beams could be identified in
both the framed structures using improved thermography.

Later, mapping of pixels with actual geometry has been
carried out to evaluate the geometric dimensions of struc-
tural members and floor heights from the thermogram
images. Two test structures have been used for the study.
It has been observed that the geometric dimensions could
be evaluated with less than 9% error.

With continued research in this area, IRT will find
applications in identifying concealed electric lines, water
pipes, hot gas pipes in industries and many more in civil
engineering structures. The encouraging results from this
research work also provide confidence that the IRT tech-
nique can grow into a useful non-destructive testing
method for evaluation of concrete and heritage structures
in the future. The method would be of interest especially
because of its non-contact nature.
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