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Abstract Tile detachment is a common durability prob-
lem of adhered ceramic claddings causing safety risks. Pas-
sive infrared thermography using solar heat gain can be used
to detect delamination leading to detachment, and is advan-
tageous especially in the inspection of middle to high-rise
buildings envelope although it is qualitative by nature. In
this paper, findings of in situ thermographic inspections are
comparatively analysed with findings of tapping control and
surface moisture measurement, and with findings of ther-
mal simulations to evaluate their efficiency. Comparative
analyses showed that passive thermography can be used as a
preliminary inspection technique to detect delamination and
decide whether further inspection with advanced methods is
required to implement maintenance operations.

Keywords Passive infrared thermography - Adhered
ceramic cladding - Detachment - In situ inspection -
Numerical thermal simulation
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Sensible enthalpy (J/kg)

v Velocity (m/s)

T Temperature (°C)

Sh Volumetric heat source (W/m?)

d Thickness (cm)

c Specific heat capacity (J/kg K)

Tay Diffuse solar load on vertical surface (W/m?2)

Aty Temperature difference between x and y (°C)

ext External air

int Interior air

ed Projection of a defective area on the exterior
surface

es Sound area on the exterior surface

id Projection of a defective area on the interior
surface

is Sound area on the interior surface

1 Introduction

Delamination between ceramic tiles and their substrate and
the resulting detachment are among the most common dura-
bility problems observed in adhered ceramic claddings,
which also give rise to safety considerations [1,2]. Infrared
thermography (IRT) is a non-destructive and remote inspec-
tion approach that can be used to detect cracks, voids, delam-
ination problems within the component [3].

A research study was performed in Lisbon, Portugal,
to discuss non-destructive inspection techniques that can
be used to detect moisture and delamination problems of
adhered ceramic claddings [4]. To that effect, 16 buildings
were inspected by passive IRT using solar heat gain to induce
observable surface temperature differences between sound
and defective areas. Surface moisture device measurement
and tapping control were used as alternative in situ techniques
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for comparative assessment of findings when access to facade
was feasible. Numerical simulations were also performed
afterwards considering the inspection conditions. In rela-
tion to this research study, the detection of moisture content
changes by passive approach was presented in [5].

In this paper, IRT inspections performed in two of the
16 buildings, where the presence of delamination was con-
firmed by tapping control, are considered. The objective
is to assess the potential and efficiency of passive IRT to
detect delamination problems of adhered ceramic claddings
by comparatively evaluating the findings of different tech-
niques/methods.

In IRT literature, construction-related research studies on
delamination/debonding generally focus on IRT applications
using artificial heat sources, and they are mainly labora-
tory studies, where inspections were performed in controlled
environments on test samples with known characteristics [6—
10]. However, especially in the case of the inspection of mid-
dle to high-rise buildings’ envelopes, passive IRT is usually
preferred [11,12], as the use of artificial heating is not prac-
tical, even though it is not impossible. In addition, in the
case of in situ inspections many factors such as reflections,
exterior heat sources, assembly details or embedded objects
may produce false or questionable thermographic indications
and complicate the interpretation of thermographic findings
[3,13,14]. Therefore, the application of passive IRT using
solar heat gain in the inspection of actual buildings and the
evaluation of its potential and efficiency to detect delami-
nation problems by using alternative techniques/methods is
found important, especially in terms of practical applications.

In this context, following brief theoretical data on the
detection of delamination by IRT, the method and findings of
numerical simulations are explained and discussed, as a base
for the interpretation of IRT findings. The procedures and
findings of in situ inspections are then given and discussed.
Finally, all findings are evaluated to determine the potential
and limits of the passive approach.

2 Theoretical Background

In IRT, when the inspected object is by natural causes at a dif-
ferent temperature than the ambient, or when natural bound-
ary conditions cause surface temperature variations that help
detect anomalies, it is called passive thermography [15,16].
The use of solar heat gain in natural conditions is therefore
considered as passive thermography in this paper.

In the detection of delamination problems by IRT, the ther-
mal resistance of the air gap formed by the delamination helps
understand the problem. In general, rather than using steady
heat flow, dynamic thermal conditions are utilized to cre-
ate surface temperature variations [16—18]. During heating
of the surface, the surface temperature of the defective area
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increases more than that of the sound area, and it continues to
be higher for some time after turning off the heating source
[17,19,20]. During the cooling period or during most of the
night-time, conversely, the surface temperature of the area
with delamination will be lower than that of the remaining
sound area [21,22].

3 Numerical Thermal Simulations
3.1 Computation Method

Numerical thermal simulations to understand the behaviours
of sound and defective areas were performed by ANSYS 13
Fluent, a numerical fluid dynamics analysis software. The
energy equation used by the software to compute the heat
flux in the solid regions is as follows [23]:

%(ph) + V- (Uph) =V - (AVT) + S, ey

In Portugal, in adhered ceramic cladding applications of
frame-structured buildings, the substrate is usually hollow
red clay brick infill walls and reinforced concrete structural
members rendered with a cement-based undercoat. There-
fore, a generic model representing three courses of hollow
clay brick bonded by laying mortar, and rendered with 2cm
thick plaster on the interior side and 3 cm thick cement-based
undercoat on the exterior side was used in the simulations. It
was assumed that ceramic tiles were applied on the exterior
surface using 2 cm thick adhesive mortar as seen in Fig. 1.
In the in situ inspections, the projected sizes of areas with
delamination determined by tapping control were small, and
thus the thickness of the air gap might be small. Consider-
ing the delamination thicknesses used in some experimental
research studies [8,17,21], the thickness of the air gap in the
generic wall model was selected to be either 1 or 2cm in dif-
ferent simulation cases to understand the effect of thickness
on surface temperature variations. The air gap was designed
as an enclosed air space, and only conductive heat transfer
was considered during calculations. A schematic section of
the generic wall model and the material properties used in the
simulations are provided in Fig. 1. Three dimensional (3D)
transient computations were performed on this wall model
with a grid of 364,266 cells.

The hourly Tex; data of Lisbon was provided from the
weather files of EnergyPlus energy simulation software [27],
and the hourly Iy data for ‘fair weather conditions’ was pro-
vided by using the ‘solar calculator’ tool of Fluent software
[28], considering the dates of inspections (Fig. 2). Exte-
rior walls inspected by IRT enveloped unconditioned inte-
rior spaces, and two different approaches were used to sim-
ulate this condition. In the first one, T, was assumed to be
transient, and the aforementioned hourly Tey; values were
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Fig. 1 Schematic section of the
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used for the interior space with a randomly selected time
lag of 2h. In the second approach, Tjy was kept constant,
and the arithmetical average of the hourly Tex; was used. As
an extreme condition, a 10°C lower constant Tj,; than the
lowest hourly Tex; was also used to understand whether the
magnitude of the air temperature difference between exter-
nal and interior spaces has an effect on the surface temper-
ature differences observed. Thermal simulations performed
and conditions defined for each simulation case are given in
Table 1.

The air temperature values were defined as ‘free stream
temperature (K)’ under convective thermal boundary condi-
tions by using hourly ‘transient profiles’, and constant heat
transfer coefficients of exterior and interior surfaces were
defined as 25 and 7.69 W/m?K respectively [29]. The Flu-
ent software computed solar effects usually in relation with
transparent/translucent components. Therefore, g, was

applied onto the wall model by using an assumptive heat
generating wall in front of the exterior side with a thickness
of 0.001 m. The hourly amount of generated heat (W/m?®)
was determined depending on the I4, calculated beforehand
regardless of wall orientation. The emissivity of the ceramic
cladding was accepted to be 0.90 in the IRT inspections.
Considering that the general emissivity (i.e. wavelength inde-
pendent) and absorptivity of an opaque object have the same
value as a corollary of Kirchhoff’s law, the actual amount of
solar load on the exterior surface decreased according to the
emissivity value.

Simulations were performed for a two-day period and the
results of the second day were used in the analyses to elimi-
nate the effect of initial conditions on the results. Two mon-
itoring points were defined both on the external and interior
sides of the generic assembly model to record the surface
temperatures during the whole simulation period as given
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Table 1 Information on the thermal simulations performed

Simulation code S1 S2 S3 S4 S5 S6 S7 S8 S9
Date considered Ma Ma Ma Ma Ma Se Se Se Se
Solar exposure F F N N N F N F F
Tint condition v v \% Ca Cc v v Ca Cc
Air gap thickness (cm) 1 2 1 1 1 1 1 1 1
Associated IRT inspection IR1 IR1 IR1, IR2 1IR2 1IR2 1IR3 - 1IR3 1IR3

Ma May 27th, Se September 6th, F' Fair weather, N No solar exposure, V Transient, C Constant

A Arithmetical average of hourly Tex
¢ 10°C lower than the lowest hourly Tex(

These abbreviations and indices are used in the text whenever necessary inside brackets following the simulation code, e.g. as S1 [MaFV1]

[ T
Adiabat‘i:r: system border /:):/v
1 1
Project'io'n: of the contours | !
'
1

of bondin:vg mortar —

1
Projection %)f the
contour of gir gap
Area: 361,5q.cm

<4 : Location of the monitors, and is and id are at the
same locations as es and ed on the interior side.

Fig. 3 Schematic elevation of the exterior facade of the generic assem-
bly model given in Fig. 1 and monitoring locations

in Fig. 3. AT{eq—es] and AT[jq—isjwere mainly used in the
analyses.

3.2 Simulation Results

The analysis of simulation results showed that, during most
of the daytime hours, when there was convective and/or
solar heat gain, T.q was higher than Tes, while the oppo-
site occurred during the night-time hours and 1-3h close to
the sunset (Table 2, Fig. 4). The temperature distributions
at the wall sections crossing the air gap showed that, during
heat gain, the air gap acted as thermal insulation and delayed
the heat gain of the substrate behind it as shown in Fig. 5 for
simulation S9 as an example. Therefore, the temperature of
the ceramic tile in front of the air gap increased consequently
compared to that of the cladding in the sound area. During
the heat loss of the wall, the air gap again acted as thermal
insulation, but in this case delayed the heat loss of the sub-
strate. Therefore, the temperature of the ceramic tile in front
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of the air gap decreased compared to that of the cladding
in the sound area. In some experimental studies [17,19-22],
similar observations were also reported in association with
being in either the heating or the cooling period.

Comparative assessment of simulations S1, S3, S6 and
S7, representing conditions of May and September with and
without solar heat gain, revealed that solar heat gain increased
the maximum and minimum ATeq4—es) values observed dur-
ing daytime and night-time hours respectively (Fig. 4, Table
2). Similarly, a general correlation between the amount of
solar load and maximum thermal contrast was also reported
in an experimental study [22] for the daytime observations.
In addition, AT[jq—is) was insignificant when compared to
AT{ed—es), €ven when there was solar heat gain, which was
in line with the suggestion given in [17] to perform the inspec-
tions from the side close to the defect.

The results of simulations S1 and S2 showed that the max-
imum and minimum AT[eq—es)values increased, as the thick-
ness of the air gap increased (Fig. 6, Table 2), similarly to
the experimental results reported in [21]. The size of the pro-
jected area of the defect on the surface was also reported as
another determinant of AT[eq—¢s)in some experimental stud-
ies [17,21]. Temperature distributions at the exterior side,
as given for simulation S9 as an example (Fig. 4), showed
gradual temperature increases or decreases at the projected
location of the air gap, and also where substrate materials
changed. As the greatest temperature variation was observed
in the centre of the air gap, the smaller the projected area of
the air gap, the smaller the temperature variation at the centre
will be.

Simulation results additionally presented that, as the
AText—intjincreased, the maximum and minimum AT[ed—es]
and the time period when Tegq was higher than Teg increased
(84 vs. S5, and S8 vs. S9 in Table 2). Furthermore, the
ATed—es) of each simulation was observed to reach its max-
imum before the heat gain of the wall ended. Then it started
decreasing and reached its minimum again before the heat
loss of the wall was completed (Table 2).
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Table 2 Maximum and minimum Teq, Tes, and AT[eq—ed) results of simulations and their times of occurrence

Code Ted Tes ATled—es Tr. hour AT[ed—es) during IRT?
Max (°C) Hour®  Max (°C) Hour”  Max (°C) Hour® - — + Max (°C)
Min (°C) Min (°C) Min (°C) + — - Min (°C)
S1 29.46 14:00  27.88 15:00 2.65 10:00  5:40 —1.88
12.76 3:50 13.44 4:50 —2.58 20:00  17:00 —2.58
S2 29.70 14:00  27.88 15:00 293 10:00  5:40 —2.11
12.64 4:00 13:44 4:50 —-2.82 20:00  17:00 —2.82
S3 2323 14:00 22,07 15:00 1.72 11:10  6:10 1.72 (—1.16)
12.70 3:50 13.28 4:50 -122 20:50  16:40 1.54 (—-1.22)
S4 2327 14:00  22.17 14:50 161 11:10  6:20 1.59
12.68 3:50 13.26 4:50 —1.12 20:50  16:40 113
S5 23.03 14:00 2136 14:50 2.19 11:10 430 2.17
12.44 3:50 12.45 4:50 —0.54 20:40  17:50 171
S6 33.00 14:00  31.88 14:50 3.00 11:00  6:20 —1.68
16.33 5:00 17.00 5:20 —2.50 19:10  16:30 -222
S7 27.87 14:00  26.51 14:50 211 11:50  6:50 —1.08¢
16.29 4:50 16.92 5:20 —1.24 21:00  16:30 —1.23¢
S8 33.81 14:00 32,02 14:50 2.88 10:50  6:30 —1.82
16.32 4:50 17.02 5:20 —2.44 19:00  16:30 —2.44
S9 33.57 14:00 3119 14:50 3.47 10:50  5:30 -1.23
16.07 5:00 16.19 5:20 -1.85 19:00  17:10 -1.85

Abbreviation Tr. hour: Transition hour of ATeq4—esjfrom negative to positive, and positive to negative

% AT{ed—es) calculated at the simulations for the time period close to the in situ IRT inspections, which is between 19:00 and 21:00 for simulations
S1, S2, and S6-S9, between 9:00 and 11:00 for simulations S4, S5, and between 9:00—11:00, and 19:00-21:00 for simulation S3, where the latter

ones given in parentheses;
b Times of occurrences are approximate given in a 10 min interval;

¢ Simulation S7 [NV1] was a supplementary simulation where the external environmental conditions of the associated in situ thermographic

inspection were not accurately modelled

4 In Situ IRT Inspection of Adhered Ceramic Claddings
4.1 Methods and Procedures

In IRT inspections, the use of solar heat gain as the driving
force creating surface temperature variations was preferred
mainly to detect moisture content variations of glazed
ceramic tiles [5]. The use of solar heat gain also allowed
detecting delamination problems during the same inspection
since it created dynamic thermal conditions. In the inspec-
tions, a FLIR ThermaCAM B2 type IR camera with a spectral
range of 7.5-13 wm, thermal sensitivity (NETD) of 0.1°C
and field of view (FOV) of 33.8° was used. Exterior air
temperature and humidity were measured with Rothronic
Hydrolog-D and HydroClip SC05. To make a comparative
assessment, relative surface moisture measurements and tap-
ping control with a rubber head hammer were performed.
In the surface moisture measurements, Tramex—Survey
Encounter, a capacitive type moisture measuring device, was
used. The relative moisture content either at the centre or at
the ends of each tile was measured, and surface moisture

maps of the areas of interest were generated with a grad-
ual change on the surface between the measured values. In
the tapping control, the presence of any delamination was
checked at the corners and at the centre of each tile.

IRT inspections were usually performed in the late-
afternoon or evening of a sunny day to allow proper solar heat
gain and to prevent the effect of sun on thermographic inspec-
tion. Additionally, daytime inspections without any solar heat
gain were also performed to analyse the effect of inspec-
tion conditions on the thermographic indications observed.
Information on the conditions during the inspection of two
buildings considered in this paper, namely buildings B-16
and B-11, is given in Table 3.

4.2 In Situ Inspection Results and Discussion
4.2.1 Building B-16
In the west facade of building B-16, IRT indications of both

surface temperature increase and decrease were observed in
one area of interest during IR1 (Fig. 7a). Tapping control
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Fig. 4 Hourly AT{eq—es), ATid—is] and Teq results of thermal simulations S1, S3, S6 and S7

performed in that area indicated that there were tiles
with delamination where surface temperature decrease was
observed, as shown in Fig. 7b. In this figure and in the follow-
ing ones, a rectangle with dashed line is used whenever nec-
essary to indicate the contour of associated area of interest.
Moisture contents of some tiles with delamination were also
higher than that of others, as shown in the same figure. How-
ever, IRT indication of surface temperature decrease was not
linked to the moisture content increase, as higher moisture
content coincided with higher surface temperature during the
same inspection [5].

Thermogram of evening-time inspection (Fig. 8) showed
that temperature decrease reaching up to 0.4 °C was present
in most of the tiles with delamination, as analysed with the
temperature profile line Li2. In this thermogram, and in the
following ones, the label of each profile line indicates its
starting point, which is on the left side of its temperature
profile graph. Surface temperature increases observed close
to the ground level and at the location marked with the cursor
on the profile line Lil, which is the ‘+’ sign on the line, were
caused by increased moisture content as discussed in [5].

@ Springer

Thermogram of the morning-time inspection before solar
heat gain (Fig. 9), a surface temperature increase of 0.3—
0.4 °C occurred at the location of the tiles with delamination,
as analysed with the profile line Li2. Tiles close to the ground
level and tiles marked with the cursor on the profile line Lil,
both of which had higher moisture contents, also had higher
surface temperature [5].

Comparison of thermograms with the tapping control
results showed that thermal indications were present in the
thermograms for most of the tiles with delamination (70 %).
In addition, comparison with the results of simulations S1-S5
verified the type of thermal indication observed in the ther-
mograms, which was a decrease at the defective area during
the evening-time inspection, while the opposite occurred in
the morning-time inspection.

In simulation S1 with solar heat gain, AT|es—eq; calcu-
lated for a 1cm thick air gap with a projected area on the
surface similar to the actual defect was —(1.88-2.58)°C
for the hours close to the actual evening time inspection
(Table 2). In simulation S3 without solar heat gain, At[es—cq]
was calculated as 1.72-1.54°C in the hours close to the
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Fig. 5 Temperature
distribution at the exterior
surface and wall section
crossing the air gap at hours
close to when maximum and
minimum AT|es_eq) values were
calculated for simulation S9

28.00
27.80
27,60
27.40
27.20
27.00
26.80
26.60
2640
26.20
26.00

29

morning-time inspection. In the IRT inspections, AT[es—ed]
was approximately —0.4°C in the evening, and 0.3-0.4°C
in the morning-time. Therefore, it can be said that the thick-
ness of the air gap formed by the delamination was smaller
than 1cm, even though estimating the thickness of delami-
nation observed is not within the scope of this paper. Simi-
larly, in areas with delamination but without any significant
surface temperature variation, the reason can be assumed to
be mainly the decreased thickness of the air gap and/or its
increased depth, as considered in Sect. 3.2.

4.2.2 Building B-11

At the south facade of building B-11, surface temperature
variations were observed in two areas of interest; namely
A and B, during IR3 performed in the early evening hours
(Fig. 10).

In area A, surface temperature decreases reaching up to
0.9 °C were observed at the tiles close to the door frame
(Fig. 11). However, no significant sound differences indicat-
ing delamination were observed by tapping the tiles where a
surface temperature decrease occurred. The moisture content
of tiles within that area of interest was found to range between
61 and 90 % as seen in the same figure with a moisture map
based on readings at the centres of the tiles. However, no

11

Grey lines indicate the contours of the bricks and the air gap.

apparent relationship between the variations of surface tem-
perature and moisture content could be observed. During
the visual inspection, loss of grout of some tiles and signs
of efflorescence on the tile surfaces were observed, but the
locations of the surface temperature decreases did not match
the locations of those. Changes in the properties of any sub-
strate material (e.g. its density and thus its thermal conduc-
tivity) or any material change of substrate may affect the sur-
face temperatures observed [12,14,30]. Therefore, changes
in the compactness of the adhesive mortar close to the joints
or the presence of crypto-efflorescence, given the signs of
efflorescence/carbonation on tile surfaces, can be assumed
to be the reason for the surface temperature difference. How-
ever, it was not possible to check this assumption, since it
required destructive testing (e.g. samples collection for labo-
ratory analysis) that was not within the scope of this research
study.

In area B, surface temperature decreases were observed at
various locations (Fig. 12). As analysed with profile lines Lil
and Li2 as an example, these temperature decreases ranged
from 0.5 to 1.3°C. Comparison with the tapping control
results revealed that in most of the locations with delamina-
tion (78 %) a surface temperature decrease was present (Fig.
13a). On the other hand, comparison with surface moisture
readings did not show such a relationship apart from 3—4
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Fig. 6 Hourly ATjed—cd) 4 28
results of thermal simulations
3 T 24
2l €
2 7| LAl .‘"& 20 E
g 4 /.%.47 T g 16 o
i "" N —
i g/ A\ =
= 0 Sy’d e 12 =
= | o ﬁ/‘ ~ | =
< s T N~ B “ i%_),
1 I S
.I/ﬁ:.
-2 P 4
-3 : 0
D000 0000000000000000O00 0O
eeeeeeeeeeeeeeeeeeeeeee
O NN INOMNNVNIITOANNSTL ONOOODNDO AN M
™~ AN AN NN
Time (Hours)
Idv S1[MaFV1]  ceeceeees S2[MaFV2] = = =S3[MaNV1]
— —S4[MaNCp1] — - S5[MaNCcl]  ©  Toq
4 30
—
3 ~ 'Qh\‘
7 47T A\ 25 —
l/ \ NE
2 / T TN - 20 S
e N =
G 1 Pl £ S
g i bW 3
3 /) A 03
-§ 0 —— ’,‘/ “\ 5
= o e R -
Z 1 o : // \ N f 10 2;
WP ©
) \ /’r}/ -5
N\
-3 0
0000000000000 000000O00O0 OO0
eeeeeeeeeeeeeeeeeeeeeeee
O AN NN OMNVIODOANNSTNONODDDOAANM
™ AN AN NN
Time (Hours)
| dv S6[SeFV1]  ececeeees S7 [SeNV1]
- — = S8[SeFCy1] — —S9[SeF(.1] O Teu
Table 3 Information on the — - - - -
inspected buildings and Building Facade Inspection Inspection Text during Predicted Teyxt
inspection conditions code orientation date and time code inspection (min., max.)*
°C) ()]
B-16 West May 27th, 2010 20:00 IR1 21.4 14,22
* Weather forecast data of May 28th, 2010 9:45 1IR2 194 15,22
National Meteorology Institute B-11 South September 6th, 2010 19:50 1IR3 24.7 19,29

of Portugal (IM-IP)

tiles, and in those tiles the moisture contents were lower than  ings during evening-time inspection (Table 2). In addition,

those of others (Fig. 13b). the range of AT[es—eq) calculated for the hours close to the

Simulations S6-S9 performed to analyse the case of B-16,  actual inspection was —(1.23-2.44) for a 1 cm thick air gap.
similarly to the case of B-11, showed that an area with delam- As the range of AT|¢s_cqjvalues observed in the thermogram
ination will have lower surface temperature than its surround- ~ of area B was —(0.5-1.3) °C, the thicknesses of the air gaps
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% . Delamination with surface temperature
decrease in the evening-time thermogram
- #: Delamination with no significant
temperature change in the same thermogram

Fig. 7 a General photograph of the west facade of B-16 showing area
of interest [5], and b photograph of area of interest showing tiles with
delamination on relative moisture content map

in that area can be assumed to be equal or smaller than 1 cm.
In areas with delamination but without significant surface
temperature change in the thermograms, the reason can be
assumed to be the same as in building B-16, i.e. increased
depth and/or decreased thickness of the air gap.

5 Discussion of the Findings of the Study

In the study, tapping control and surface moisture measure-
ments were used as alternative in situ inspection techniques
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Fig. 8 a Thermogram of the area taken during inspection IR1 [5], and
b its temperature profile
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Fig. 9 a Thermogram of the area taken during inspection IR2 [5], and
b its temperature profile
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Fig. 10 Photograph of building B-11’s south facade and areas of inter-
est

to evaluate the potential of passive IRT using convective and
solar heat gain to detect delamination problems of adhered
ceramic claddings. Both of these techniques have some lim-
itations. Tapping control depends on the experience of the
user, and the depth and thickness of the delamination cannot
be estimated. Even the identification of new defective areas,
which were not noticed during the initial tapping control, was
also reported by the use of alternative techniques (e.g. IRT)
[31]. Capacitive type surface moisture measuring devices,
such as the one used in this study, are affected by factors
such as the presence of salt, metal or magnetic materials or
material discontinuities that may cause errors in readings. In
addition, only relative moisture measurements can be made,
unless the equipment is specifically calibrated for each mate-
rial [32]. However, the comparison of their results with the
in situ IRT results can be said to provide sufficient evidence
on the reliability/accuracy of the thermographic findings.
Numerical simulations were also performed within the
context of the study to understand the thermal behaviour of
sound and defective areas, and to verify the in situ IRT obser-
vations. However, the unconditioned interior environment
was not accurately simulated, and the change in the amount of
solar load according to the orientations was ignored. In addi-
tion, the air gap formed by delamination was modelled as an
enclosed air space, where conductive heat transfer was con-
sidered only. In spite of these limitations, the results of simu-
lations were found to be in line with the results of experimen-
tal studies given in the literature. Therefore, these simulation
results together with the results of the aforementioned in situ
techniques can be said to provide sufficient information to
evaluate the potential of using passive IRT for the detection
of delamination problems of adhered ceramic claddings.
Comparative assessment of all results showed that, in
building thermography applications, passive IRT using

@ Springer

Fig. 11 Area A: a merged thermogram by using the same settings; b
photograph showing the relative moisture content map

convective and/or solar heat gain has potential, and can be
used in the detection of delamination problems of adhered
ceramic claddings, as 70-78 % of defective areas were iden-
tified. However, as observed in the inspections of building
B-16 and area B of building B-11, some tiles with delamina-
tion may not show any significant surface temperature vari-
ation most likely due to increased depth and/or decreased
thickness of the air gap. Additionally, as observed in the
inspection of area A of building B-11, surface temperature
variations similar to that of a delamination problem may be
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Fig. 12 a Thermogram of area B, and b its temperature profile

observed in tiles without any sign of delamination according
to tapping control. Therefore, passive IRT needs to be consid-
ered as a preliminary inspection technique, like surface mois-
ture measurement or tapping control. When possible signs of
delamination are observed, more advanced techniques (usu-
ally requiring access to the facade and close-contact) such
as IRT using artificial heat sources or pull-off test should
be used to gather more accurate data to evaluate the pres-
ence and severity of the delamination problem. Additionally,
as observed in the inspection of B-16, the moisture content
increase may generate similar thermal indications such as
delamination during the morning time inspections. There-
fore, depending on the time of IRT inspection, performing
supplementary IRT inspections might be necessary in some
cases in order to determine the type of defect.

Both in situ IRT inspections and numerical thermal simu-
lations showed that temperature variations caused by delam-
ination are low in general. In IRT, various factors such as
reflections, emissivity change due to viewing angle or ther-
mal noise of the imaging system affect the temperature mea-
surement, and may produce false/questionable indications
similar to the ones caused by the delamination. Therefore,
the selection of an IR imaging system with appropriate char-
acteristics (e.g. low NETD), and a careful IRT inspection (e.g.
viewing from different positions for determining reflections,
if any) and interpretation can be said to become important.

Numerical thermal simulations showed that solar heat gain
increases the surface temperature difference between sound

with surface
temperature
decrease in the
thermogram

| *:Delamination

with no significant
temperature
change in the
thermogram

.~ 1 i .

"Readings red in colour show locations with" - N
delamination at the centre of the tile

Fig. 13 Area B: a results of tapping control; b photograph showing
the relative moisture content map

and defective areas both for daytime and night-time inspec-
tions. Therefore, performing IRT inspections during or after
solar heat gain can be said to increase the visibility of thermal
indications at the defective areas. The increased difference
between exterior and interior air temperatures also increases
the surface temperature difference observed in daytime con-
ditions. Therefore, in the lack of solar heat gain due to orien-
tation or shading, performing a daytime IRT inspection when
there were large difference between interior and exterior air
temperatures can be said to increase the visibility of thermal
indications.

Numerical simulations also showed that maximum or min-
imum ATes_eqy does not occur when Teq or Tes reached
to their maximum or minimum. A time-lag is created while
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reaching thermal balance between sound and defective areas.
Therefore, performing numerical simulations prior to IRT
inspections can be said to be a guide in determining the appro-
priate inspection time, and also in evaluating the thermal indi-
cations observed during IRT inspection. Additionally, it can
be said in general that inspection conditions (i.e. the presence
and size of solar heat gain and the extent of air temperature
difference) should be carefully evaluated prior to the in situ
inspections to determine the appropriate timing when higher
surface temperature variations can be observed.

6 Conclusions and Future Research

Detachment of tiles is one of the mostly seen durability prob-
lems in adhered ceramic facade claddings, which also causes
safety risks. IRT has the potential to remotely detect delami-
nation before detachment occurs. In the inspection of middle
to high-rise buildings envelope, the use of natural (bound-
ary) conditions rather than the use of artificial heat sources
allows benefiting from the remote character of IRT although
it is qualitative by nature. Therefore, a field research study
was organised to determine the potential of passive IRT using
solar and convective heat gain to detect delamination prob-
lems in adhered ceramic claddings. In two of the 16 build-
ings inspected in this respect, where there was access to the
ceramic cladding, delamination was also confirmed by tap-
ping control as an alternative in situ technique. 3D transient
thermal simulations were also performed afterwards, using
a generic wall model and considering the external environ-
mental conditions of in situ inspection dates. The following
conclusions are drawn by the comparative assessment of all
findings:

e Passive IRT using solar and/or convective heat gain has
the potential to detect delamination in adhered ceramic
claddings. However, as the size and thickness of the air
gap formed by the delamination decreases, and in relation
with other conditions such as amount of heat gain, some
of the areas with delamination may not give any thermo-
graphic indication. In addition, factors such as change in
the compactness of grout/adhesive mortar may generate
false thermographic indications in areas without delam-
ination. Therefore, passive IRT should only be used as
a preliminary inspection technique (in conjunction with
other expedient techniques), and other advanced tech-
niques such as IRT using artificial heat sources or local
quantitative assessment by pull-off tests should be applied
to determine the exact size and severity of the problem
before deciding on any maintenance actions;

e Solar heat gain during or previous to the IRT inspec-
tion increases the surface temperature variation observed
between sound and defective areas. However, the reflec-
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tion of sunbeams should be considered as a potential cause
of false indications in daytime inspections, especially in
the inspection of glazed ceramic tiles;

e For daytime inspections, the higher the difference
between exterior and interior air temperatures, the higher
the surface temperature variation observed between sound
and defective areas. The opposite occurs in night-time
inspections. When there is lack of solar heat gain, the dif-
ference between exterior and interior air temperature can
be used as a driving force creating surface temperature
variations in the defective areas;

e During most of the heating period, a defective area with
delamination has higher surface temperature than sound
areas, and the opposite occurs during most of the cool-
ing period. However, the time required to reach a ther-
mal balance between sound and defective areas within
the wall creates a time-lag between the transition time to
and from the heating period, and the transition time to
and from higher surface temperature at the defective area.
Therefore, performing numerical simulations prior to the
in situ IRT inspections will be a guide both to determine
the timing of inspections, and to interpret and assess ther-
mographic indications;

e Surface temperature variations observed at the defective
areas will be low, and thus the precision of the surface
temperature measurement becomes important. Therefore,
while selecting the IR imaging device, performing the
inspection and interpreting the results, special care will
be necessary to guarantee the reliability of the results;

e Surface temperature variations occurring at the interior
surface of the wall restrict the performance of interior IRT
inspection using solar and/or convective heat gain.

The findings and conclusions of this research study can be
helpful for practical application of passive IRT in the inspec-
tion of adhered ceramic claddings applied on brick walls
without thermal insulation in terms of interpreting and assess-
ing IRT indications, determining inspection time, and iden-
tifying possible sources of false IRT indications. They can
also be adapted for use in the inspection of other claddings
such as rendering or stone plates considering their particu-
lar characteristics, such as reflection or efflorescence, which
may affect the application of passive IRT. However, since the
components of the wall assembly, e.g. the presence of ther-
mal insulation, may change the thermal response of external
walls under solar and convective heat gain, further in situ
IRT research coupled with numerical simulations on differ-
ent wall assemblies clad with adhered ceramic tiles will be
beneficial to determine changes in the IRT indications and the
limits of its application. In addition, as the ambient thermal
conditions also affect the thermal response of external walls,
further research studies on the application of passive IRT
at differing ambient thermal conditions, especially different
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from the climatic conditions of Lisbon, will be beneficial to
determine the potential and limits of passive IRT.
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