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Abstract This study aims to reveal the effect and correla-
tion of delamination size and defect shape for using infrared
thermography (IRT) through FE modeling to enhance the
reliability and applicability of IRT for effective structura
inspections. Regarding the effect of delamination size, it is
observed that the temperature difference between sound and
delaminated area (AT) increases as the size of delamination
increases, however, AT converges to a certain value when
the areais 40 x 40 cm and the thicknessis 1 cm. Asfor the
shape of delamination, it can be assumed that if the aspect
ratio which is the ratio of the length of the shorter side to
the longer side of the delamination is more than 25%, AT
of any delaminations converges to AT of the same area of
a square/circular-shaped delamination. Furthermore, if the
aspect ratio is 25% or smaller, AT becomes smaller than the
AT of the same area of a square/circular-shaped delamina-
tion, and it is getting smaller as the ratio becomes smaller.
Furthermore, thisstudy attemptsto estimate depths of delam-
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inationsby using IRT data. Based on the correlation between
the size of delamination and the depth from the concrete
surface in regard to AT, it was assumed that it was possi-
ble to estimate the depth of delamination by comparing AT
from IRT datato AT at severa depths obtained from FE
model simulations. Through theinvestigation using IRT data
fromreal bridge deck scanning, this study concluded that this
estimation method worked properly to provide delamination
depth information by incorporating IRT with FE modeling.

Keywords Infrared thermography - Non-destructive
evaluation - Bridge inspection - FE modeling - Effect of
delamination size - Estimation of delamination depth

1 Introduction

Infrared thermography (IRT) is a non-destructive eval uation
(NDE) method, and has been developed to detect invisible
subsurface defectsincluding delaminations and voidsin con-
crete structures with reasonable accuracy; it al so helps avoid
the time and expense of gaining immediate access to the
concrete surface in order to conduct traditional sounding
tests such as hammer sounding and/or chain drag [1]. IRT
can be classified into two methods; passive and active IRT.
Passive IRT is applied under natural circumstances while
activeIRT isconducted withthermal excitation; i.e., themain
heat sources are solar radiation and ambient temperature for
passive IRT, and heat generators for active IRT [2,3]. The
principle of passive IRT is as follows: solar loading heats
up the concrete surface. If there is a subsurface defect, air
fills that area and acts as a thermal insulator by preventing
heat from penetrating to the concrete beneath the delami-
nation due to the different thermal conductivities between
air (0.0241 W/m °C) and concrete (1.6 W/m °C). Thus, the
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Fig. 1 Assumed applicable time periods of IRT (left) and images of heat transfer (right)

concrete above the delamination becomes warmer than the
surroundings during the daytime (heating cycle) since that
areaconductsheat faster from the surfaceto the delamination
than the surroundings from the surface to the undersurface,
while that same area cools down faster than the surround-
ings during the nighttime (cooling cycle) as depicted in Fig.
1[4]. IRT detects subsurface defects by capturing those tem-
perature differences (AT) of a concrete surface by reading
the emitted infrared (IR) radiation from the concrete surface
and converting it to a temperature [5]. Under passive IRT
conditions, it is not always possible to detect the delamina-
tion of concrete since there should be interchange periods
between heating and cooling cycles and those time periods
areunavailablefor passive IRT asshownin Fig. 1. Moreover,
sometimes it becomes difficult to detect delaminations from
only the color variation of IRT images since the concrete
structure itself tends to have atemperature gradient depend-
ing on the location and orientation with respect to the sun.
As Washer et a. [6] argued, if the temperature span for IR
images is setup too high or too low, it appears as if there
is no anomaly in the IR image even though there are some
defects. Therefore, proper temperature span adjustment of
IR images is required for passive IRT, athough this can be
done during the post processing. On the other hand, the use
of active IRT technique is never affected by data collection
time. However, the limitation of active IRT isthat it requires
homogeneous heating of the concrete surface ranging from
several minutesto acoupleof hours; shallower delaminations
located at 1-4.5 cm deep can be detected with shorter heating
time, e.g. 5-10 min, although the defect indications become
clearer with an increase in the heating time up to 25-30 min
[7,8]. On the other hand, deeper delaminations at a depth of
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around 10 cm require 1-2 h of heating [8]. In order to detect
deeper delaminations, amuch longer duration for heating-up
thesurfaceisindispensable. Furthermore, active| RT requires
installation of heat sources. Therefore, active | RT isimpracti-
cal for concrete bridge deck inspections dueto the challenges
of heating huge civil structures uniformly over a period of
time as mentioned in [8]. Especially in the US, passive IRT
should be chosen for effective and efficient bridge inspec-
tions sincetheinspection areaistoo enormous (e.g. highway
bridges: 93%-346 km? out of 371 km? in bridge deck areaas
of 2016 [9]) for active IRT. Although there are some inher-
ent limitations, NDE techniques with passive IRT till offer
advantages over conventional inspection techniques such as
hammer sounding and chain drag if it isutilized under proper
conditions [10-12].

As many researchers suggest, IRT is a suitable approach
for inspection of civil infrastructures sinceit isanon-contact
method and IR images can instantly portray awide range of
concrete structuresat onetime[13-16]. Especially for bridge
decks, IRT can scan decks at highway speeds without lane
closures. Asto bride deck scanning, ground penetrating radar
(GPR) with an air-coupled system can also provide high-
speed scanning; however, it requires GPR scanning severa
timesto collect datafor onelanewidth using asingle-channel
system [17]. Even though multiple-antenna systems can pro-
videentirelane scanning in onepass, asingle-channel system
seems to be used widely due to budgetary constraints for
multiple-antenna systems [17]. In addition to bridge deck
inspection, IRT can be applied at a much farther distance
from the objects; thus, IRT has a big advantage for bridge
inspections over other NDE methods because the underside
of decks, girders, piers, railings and other components as
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well as decks are quite large to inspect with methods that
require access and contact to the concrete surface. There-
fore, IRT can be the fastest and easiest NDE methodology in
termsof datacollection compared to the other NDE methods.
Although there is a good amount of research on IRT up to
the present, each study was conducted under different con-
ditions, making it difficult to draw generalized conclusions.
Thus, there are still several uncertainties regarding the accu-
racy andreliability of IRT for applicationto bridgeinspection
when compared to a sounding test [12].

The objective of this study is investigating the effect
of delamination size regarding the correlation between the
size of delamination and detectability of IRT to enhance
the reliability and applicability of IRT for effective bridge
inspections. An investigation of the effect of delamination
size found that area of delamination strongly affects the
detectability of IRT [18]. However, the influence of delam-
ination size is still not clarified entirely. In this study, the
effects of area, thickness, shape and depth of delamina-
tion on subsurface defect detectability of IRT are explored
by finite element (FE) modeling. It is aso important to
understand whether or not the effect is getting bigger as
the arealthickness of delamination is getting bigger, or if
it converges to a certain value at a certain area/thickness
of delamination. The understanding of characteristics and
impacts of defect size on IRT would lead to improvement
of IRT data interpretation since the implementation of the
methodol ogy has not been fully established onreal life struc-
tures. Furthermore, estimating the depths of delaminations
has been considered one of the limitations of IRT, so if it
becomes possible to overcome this limitation based on the
understanding, there would be agreat improvement in IRT’s
usefulness for concrete structure inspections. According to
Vavilov [19], an eval uation method to estimate the depth and
thickness of the delamination was formulated based on the
experimental maximum thermal contrast, defect size, sam-
ple thickness and heating time under active IRT condition.
However, passive IRT is a time dependent methodology as
mentioned inthe principal, and another approachisdesirable
for estimating the depth of delamination. Thus, this study
aso investigates the possibility to estimate the depth of the
delamination using passive IRT for anin-service bridge asa
case study.

2 Important Factorsof IRT for Delamination
Detection

Through literature reviews, several factors that might affect
the performance of IRT can be excerpted such as data col-
|ection time, data collection speed, |R camera specifications,
delamination size, and delamination depth. Regarding data
collection time, there are contradictory reports regarding

appropriatetime framesfor IRT measurements. Washer et al.
[20] recommended daytime measurements 5-9 h after sun-
riseto detect subsurface delamination; 5-7 h after sunrisefor
5.1 cm (2in.) deep delamination, and 7-8 h after sunrise for
7.6 cm (3in.) deep delamination for the solar loading part.
They also recommended 5 h and 40 min after sunrisefor 2.5-
cm deep targets and more than 9 h after sunrise for a target
a adepth of 12.7 cm (4 in.) [21]. On the other hand, others
assert contrary conclusions; Gucunski et a. [22] mentioned a
thermal image recorded 40 min after sunriseyielded amuch
clearer image than another recorded around noon. Addition-
ally, some of the responses of delaminations were described
as weaker in IR images, i.e., AT became smaller and IR
images showed very low-temperature variations, as the time
progresses from noon to 3 p.m. while those were clearly
indicated during the time period from 10 am. to noon [23].
Moreover, Kee et a. [24] aso concluded that no indication
was found from the IR image taken 3 h and 45 min after sun-
rise (with the shallowest delamination located at 6.4 cm (2.5
in.) depth) whilethebest resultswereachieved using the cool -
ing cycle, 45 min after sunrise, in which even 15.2cm (61in.)
deep delaminations could be detected. Furthermore, Watase
et a. [25] proposed a favorable time for inspection depend-
ing on the parts of the bridge; noon time for the deck top, and
midnight for the deck soffit. Through several experiments
and FE modeling, Hiasa [10] concluded that the preferable
time period to apply IRT for concrete bridge deck inspection
is during the nighttime cooling effect in order to reduce the
possibility of misdetection.

In terms of data collection speed, Hiasa et a. [11,12]
conducted comparative studies with three different types of
infrared (IR) cameras at a normal driving speed, from 48 to
64 km/h (30—40 mph). It was found that if shorter integra-
tion time devices, which are typicaly equipped on cooled
type cameras, are used for high-speed scanning of concrete
bridge decks, they are not affected by data collection speeds.
It should be noted that even though less than 16 km/h (10
mph) is recommended for data collection speed according
to the ASTM standard [26], high-speed scanning by IRT
with a cooled type IR camera performed at a similar or
better level of accuracy compared to other NDE methods
such as impact echo (IE), GPR and chain drag [11]. There-
fore, the use of appropriate IR cameras attached to vehicles
makes it is possible to collect reliable data rapidly with-
out the need for lane closures, thereby eliminating the need
for sounding inspection or other NDE techniques including
robotics-assisted system, which mostly requires lane clo-
sures. Thus, IRT becomesamore practical and faster method
of conducting bridge deck inspections than other NDE tech-
nologies.

In regards to camera specifications, a lot of research on
IRT has been conducted with one IR camera despite litera-
ture that points out the effect of IR camera specifications on
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detectability; mostly uncooled cameras have been utilized
by the research due to economic efficiency. As mentioned
above, the integration time of IR cameras is the most criti-
cal factor for high-speed application. In terms of the effect
of pixel resolution, lower pixel resolution, 320 x 240 pix-
els, caused much lower performance when the camera was
attached on a vehicle to take images of one lane width of a
roadway, and this result indicates that a pixel resolution of
more than 640 x 480 pixelsis preferable for efficient bridge
deck inspections[11,12]. Eventhough | R cameraswithlower
resolution can take better quality images if they are used
at a closer distance, the area that can be taken at one time
also becomes much smaller. Thus, data collection must be
implemented three or four times more than higher resolu-
tion cameras, or three or four cameras should be used at
the same time to collect data of one complete lane [12].
Furthermore, the effect of spectral range is also discussed
by some researchers. Hashimoto and Akashi [27] reported
that IR cameras with more than 8 wm spectral range were
affected by the reflection of the sky, and the effect becomes
larger when the angle between the IR camera and concrete
surface becomes shallower, especially when the surface is
smoother. They also took IR images of a bridge substruc-
tureusing threetypes of cameras, Indium Antimonide (InSh)
detector (1.5-5.1 wm), Quantum Well Infrared Photodetector
(QWIP) detector (8-9 wm), and j.-bolometer detector (8-14
wm), with 45° of angle from the ground, and IR cameras
equipped with QWIP and p.-bolometer detectors captured
thereflected temperature of the sky. Hiasaet al. [11] reported
the effect of spectral range. Long wavelength (LW: 8-14 pm
[28]) cameras captured different temperatures depending on
thedistance, thefarther objectsshow lower temperature read-
ings, while ashort/medium wavelength (SW/MW: 2-5.6 um
[28]) camera captured almost similar surface temperature
regardless of the distance. Moreover, the areas of white lane
markings captured by LW cameras showed higher tempera-
tures than the surrounding concrete surface, while the areas
taken by the SW/MW cameraindicated lower temperatures
than the surroundings. Nishikawa et al. [29] also mentioned
that the SW/MW camera is influenced by the reflection of
the sun and the contrast of the sunshine and the shade, while
the LW camera s influenced by objects such as the sky and
the opposite building. Thus, SW/MW cameras tend to be
applied during nighttime, and LW cameras tend to be used
during daytime[30]. According to Tashan et al. [5], when IR
images aretaken by acamerawith 8-14 p.m of spectral range
from afarther distance, thereisapossibility that temperature
readings of IR images vary depending on the distance; the
temperature reading at 0.7 m from the object caused a4 °C
higher reading than those at 5 and 10 m from the object.
They considered that this may be due to the increase in the
transmission distance between the camera and the object,
and it causes more errorsin the emissions readings of the IR
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camera. Thisiscalled atmospheric attenuation, which occurs
when the atmosphere between the object and the IR camera
tends to attenuate radiation due to absorption by gases and
the scattering of by particles, thereby preventing the total
radiation of the object from reaching the IR camera [28].
However, it is also mentioned that the atmospheric atten-
uation can be corrected, and if no correction is applied, the
measured apparent temperature will become gradually lower
with increased distance [28].

Lastly, size of delamination and the depth can be consid-
ered asthemost critical factor for detectability of IRT among
several factors. Some researchersindicated that it affectsthe
detectable depth of the delamination; as the size of delami-
nation increases, the temperature difference between sound
and delaminated area also increases [23,31,32]. However,
the effect of delamination sizeisnot fully clarified yet, espe-
cialy in regards to how the area, thickness and volume of
delamination affect the detectability of IRT due to insuffi-
cient experimental data. Consequently, each researcher has
utilized artificial defectsof different sizesand concluded dif-
ferent detectable depthsfor IRT. For example, even a3.2 cm
(1.25in.) deep delamination [14.5 cm? (2.25 in.2)] was not
detected in [33] while a 15.2 cm (6 in.) deep delamination
[3,721 cm? (576 in.2)] was detected in [24]. Another study
presents that delaminations of 900 cm? in size were detected
up to 7.6 cm deep, even though IRT could not detect it when
installed at adepth of 12.7 cm [21]. One of the difficultiesfor
NDE tests is making test specimens since those specimens
become relatively huge to simulate concrete bridges. Mak-
ing several sizes of delamination, embedding several depths
from the surface, and handling them under different con-
ditions are very difficult; thus, limited test specimens have
been utilized for IRT experiments under limited conditions
such as passive/active IRT conditions, fixed orientations and
limited locations (weather conditions). Moreover, since IRT
results depend on the time of data collection under the pas-
sive condition, the IRT test requires several instances of data
collection, as many as possible, to assess the effect of time
of data collection. The effect of data collection time might
aso depend on the region (weather conditions).

Under such situations, the use of FE model simulation
has been increasing recently to simulate the temperature dis-
tribution of the object’s surface [13,19,34-38]. In order to
overcome the limitation, Hiasa et al. [18] utilized FE model
simulation to explore sensitive parameters for effective uti-
lization of IRT. After FE models were validated using the
findings from the experimental counterparts, critical param-
eters and factors of delamination detectability regarding
the size of delamination (area, thickness and volume) were
explored by using the FE models. Through the FE model
simulations, it was found that the most critical factor is the
area of delamination; subsequently, the thickness affects the
temperature differences of the surface between sound and
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delaminated areas. The volume of delaminationis not asig-
nificant parameter for interior damage detection using IRT
since a smaller volume of delamination (270 cm?: 30 x 30
x 0.3 cm) generated larger AT than a larger volume of
delamination (1000 cm?3: 10 x 10 x 10 cm) in the FE model
simulations. In addition, the FE model analysis also shows
that as the area is getting larger, the impact of the thickness
isaso increasing [18].

3 Finite Element Model
3.1 Developed and Validated Modél in the Past Study

Previoudly, in order to explore the favorable time window for
concrete bridge deck inspections by IRT, afield experiment
was conducted on December 19, 2015, at the University of
Central Florida[10]. For the experiment, two test specimens
with delaminations at 1.3 cm (0.5 in.) and 2.5 (1 in.) cm
depths from the surface were used, and both concrete blocks
had the same dimensions of 91.4 cm (3 ft.) x 91.4 cm x 20.3
cm (8 in.) as shown in Fig. 2a. These test specimens were
situated outside in the natural environment, which is passive
IRT condition, as shown in Fig. 2b. The specimen thickness
was designed to simulate a typical bridge deck in the USA.
The dimensions of the artificial delamination were 10.2 cm
(4in.) x 10.2 cm x approximately 0.3 cm (1/8in.); they were
made by foamed sheet and cardboard wrapped in plastic as
shown in Fig. 2a. The thermal conductivity of air located in
the concrete delamination is different than that of concrete,
0.0241 W/m °C, and creates atemperature difference on the
surfaceof theconcretestructure. Foamed sheet and cardboard

Fig. 2 Dimensions of concrete a test specimen and b test environment

were chosen to generate an artificial delamination to simu-
late thermal conductivity propertiessimilar to that of air. The
thermal conductivity of the foamed sheet is 0.024 W/m°C,;
the cardboard has alot of air internally. According to Cotic
et a. [8], no significant differences were observed between
the surfacetemperatures above polystyrene (thermal conduc-
tivity: 0.033 W/m °C) and air-filled defects. Therefore, the
artificial delamination which has similar thermal conductiv-
ity can be regarded as an actual delamination.

Furthermore, a FE model with the same condition was
developed in the past study by using Heat Transfer Module
of COMSOL Multiphysics software. A concrete model of
the same size as the concrete blocks used in the experiment,
91.4 x 91.4 x 20.3 cm, was established on a larger ground,
6 x 6 x 1 m, and two pieces of Styrofoam, 10.2 x 10.2 x 0.3
cm, were installed inside the concrete. The depth from the
surface is the same as the experiment, 1.3 and 2.5 cm. The
orientation of the concrete block was also set up similar
to the experiment. In the experiment, concrete blocks were
placed on wooden stands to make space through which wind
blows, and those concrete blocks were set up on wooden
pallets as shown in the picture. However, in the model, a
concrete block was put on concrete stands, which have the
same height (20 cm) as the wooden stands and the pallet
for simplifying the modeling and simulation. In terms of
the mesh size, the “Finer” element size was selected for the
concrete block in the COM SOL software among the severa
predefined mesh sizes for more accurate characterization.
Rumbayan and Washer [34] concluded that thereisabalance
between computational economy and accuracy in solution,
whichistruefor any FE modeling applications. A “Coarser”
element size was selected for the mesh sizes of the delamina-
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Tablel Materia properties of

the simulation model Material properties Unit Concrete Styrofoam Ground
Thermal conductivity W/(mK) 16 0.024 0.6
Heat capacity at constant pressure J(kgK) 880 1130 800
Density kg/m?3 2300 25 1500
Solar absorptivity 0.6 - 0.94
Surface emissivity 0.88 - 0.76

tion (Styrofoam), stands of the concrete block and the ground
for computational economy since it can be considered that
those mesh sizes are not sensitive for concrete surface tem-
perature. The material properties were set up as shown in
Table 1.

In terms of the boundary conditions, solar radiation, air
temperature and convective heat transfer were considered for
each side of the concrete block in this model. The primary
heat source was solar radiation in thismodel, the direction of
sunlight (zenith angle and the solar elevation) over the simu-
|ation time was automatically computed from the longitude,
|atitude, time zone, date, and time by the software. The solar
position is estimated by the Julian Day calendar cal culation,
and the zenith angle (zen) and the azimuth (azi) angles of
the sun are converted into a direction vector (isy, isy, is;)
in Cartesian coordinates assuming that the North, the West,
and the up directions correspond to the x, y, and z directions,
respectively, in the model as follows [39];

isx = — cos(az) sin (zen)
isy = sin(az) sin (zen) D
is, = — cos(zen)

In this simulation, the information was set up as fol-
lows: longitude; —81.189103, latitude; 28.591897, time
zone[UTC (Coordinated Universal Time)/GMT (Greenwich
Mean Time)]; —5 h. Thelocation wasthetest field of the pre-
vious experiment and the location information was referred
to Google Maps [40]. Regarding the ambient temperature
(Tamb), the temperature was measured throughout the day
using thermocouples at the site as shown in Fig. 3. Accord-
ing to therecord of the climatological substation, sunrisewas
at 7:12 am. and sunset wasat 5:32 p.m. on that day. However,
the sun started to shine on the concrete slab from 9 AM due
toatreeand abuilding near the test site ascan be seenin Fig.
2b. In this experiment, weather conditions were recorded as
shown in Table 2 to check whether or not the sun was shin-
ing on the concrete surface, and whether the sky was clear
or cloudy. AsVavilov et a. [38] mentioned, clouds or shad-
owsfrom treesor other objects affect the results of IRT; thus,
weather conditions were recorded at the same time when
IRT datawas collected. Table 2 also summarizes |RT results
regarding whether a damage indication can be observed, and
whether thetime window was at acooling or heating cycle at
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Fig. 3 Air temperature on December 19, 2015

each time. Solar irradiance (Is) and heat transfer coefficient
(h) were defined based on the record of the nearest weather
station, approximately 700 m from the test site, and Fig. 3
showstherecord of solar irradiance[41]. Sincethe maximum
solar irradiance was 696 W/m? on that day, |s = 700 W/m?
was set in the software. In terms of convective heat transfer,
Kumar and Mullick [42] summarized several equations of
wind heat transfer coefficient provided by past research and
compared it to their experimental result. Intheir comparative
study, Sharples and Charlesworth [43] provided the closest
value of windinduced convective heat transfer coefficient h,,
to their experimental values as Eq. (2), and Kumar et al. [44]
established highest coefficient h,, as Eq. (3);

h, = 6.5+ 3.3V,,(W/m?K) V,, < 6m/s 2
h, = 10.03 + 4.687V,,(W/m?K) V,, < 5m/s ©)

The maximum wind speed was 4.9 m/s, while the max-
imum wind gust speed was 4.9 m/s on that day according
to the climatological substation data [41]. In this software,
the relational expression between temperature and heat flux
boundary conditions is defined as Eq. (4);

do = h (Tex — Tamb) 4)

where, go isinward heat flux normal to the boundary (W/m?)
and Te is the temperature far away from the modeled
domain [39], which is assumed as the sky temperature in
the past study. Based on Eq. (2), (3) and the wind speed data,
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Table2 Summary of weather conditions and IRT results

Time 7:00am. 7:30am. 800am. 830am. 9:00am. 9:30am. 10:00am. 11:00am. 12:00am. 1:00p.m.
Sun-loading X X X X A O A O O

Cloud X X X X X X X X X
Indication O O O O A X @) O O

Cooling/heating Cooling  Cooling  Cooling  Cooling  Cooling  N/A Hesating Hesting Hesting Heating
Time 2:00p.m. 3:00 p.m. 4:00p.m. 5:00 p.m. 6:00 p.m. 7:00 p.m. 8:00 p.m. 9:00 p.m. 10:00 p.m. 11:00 p.m. 12:00 am.
Sun-loading O A O X X X X X X X

Cloud X X X X X X X X X O
Indication O X X O O O O O O A
Cooling/Heating Heating N/A N/A Cooling Cooling Cooling Cooling Cooling Cooling Cooling Cooling

Sunrise; 7:12 am., Sunset; 5:32 p.m.

O: Overdll irradiation (unloading); cloudy sky (Cloud); clear indication (Indication)
A: Partid irradiation (Sunloading); clear sky but some clouds (Cloud); obscure indication (Indication)
x: Noirradiation (Sunloading); clear sky without cloud (Cloud); no indication (Indication)

Table 3 Specifications of IR

cameras used in the past studies Camera specifications T420 SC5600
Detector type Uncooled microbolometer InSb
Thermal sensitivity (NETD) <0.045°Cat 30°C <0.02°Cat 25°C
Accuracy +2°Cor £2% +1°Cor +1%
Resolution 320 x 240 pixels 640 x 512 pixels
Spectra range 7.5-13 um 2551pum
Frame rate 60 Hz 100 Hz
Field of View 25° x 19° 20° x 16°
Integration time/time constant 12ms 10 ps-20 ms

(electronic shutter speed)

Tet = Tamb — 50°C and h = 30 W/m?K for all exposed
surfaces as the heat flux boundary condition were utilized in
the software through iterative trials [10].

In this experiment, an infrared camera, T420 manufac-
tured by FLIR Systems, Inc. (Camera Specifications can be
seen in Table 3), was utilized. IRT data was collected every
30 min from 7 to 10 AM and every hour thereafter until
midnight, and the result was compared to FE model simula-
tion as shown in Fig. 4. It depicts the results of the models
that contain delamination at 1.3 and 2.5 cm depths, and
comparestemperaturedifferences between sound and delam-
inated parts attained by IRT data and FE model simulation
at every instance of time (21 samplesin each comparison).
IRT images portray the temperature difference between the
sound and the delaminated part of concrete; thus, it is cru-
cial to have temperature gradients on the concrete surface
for IRT to generate thermal images indicating the existence
of subsurface delamination. As can be seen in Fig. 4, there
are some disparities between each AT obtained by IRT and
simulation; however, these disparities are lessthan +0.7 °C,

and it can be considered within the measurement error range.
Since three IR cameras with different capabilities were used
at the same time, they indicated different thermal contrast
between sound and delaminated parts by approximately +1
°C at most [10]. Furthermore, it was found that different IR
cameras showed different temperatures of both sound and
delaminated parts approximately 0.5-3 °C depending on the
camera specifications and photography angle, and indicated
different AT even under laboratory condition [1]. Hence,
even when using the same IRT method, AT varies depend-
ing ontest conditionsand cameraspecifications, and lessthan
+1 °C differences of AT can be regarded as “measurement
error range” based on the past comparative studies. More-
over, Fig. 5 depicts the correlation of AT between IRT and
FE model simulation results. Both 1.3 and 2.5 cm depths
of delamination models show strong correlation, the R? are
0.91 and 0.87 respectively. Therefore, it can be concluded
that this FE model was established properly, and the temper-
ature differences between sound and damaged parts are well
simulated throughout the day.
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Fig. 4 Temperatures difference from IRT and simulation results. a 1.3 cm depth of delamination, b 2.5 cm depth of delamination

Fig. 5 Correlationof AT between|RT and FE model simulation results

3.2 Model Development for the Present Study

In the present study, the same weather conditions of Decem-
ber 19, 2015, and the same material properties for the FE
model were used to reveal the effect of delamination size on
thedetectability of IRT. Based on thisFE model, only thesize
of the concrete block was expanded to 300 x 300 x 20.3 cm
as shown in Fig. 6 and delamination shapes were changed
in order to analyze the effect of a variety of delamination
sizes. Some researchers indicate the impact of the length
of a square's side [8], while others point out the effect of
diameter/radiusratio of adelamination on itsdetectability by
IRT [45,46]; thus, not only square shapes of delaminations,
but also rectangular and circular shapes of delaminations are
also modeled as shown in Fig. 7. Therefore, several types of
delaminations are ssmulated to clarify the effects of delam-
ination size. The delamination was modeled at the center
of the concrete block in each model to avoid the effect of
boundary conditions. Even though real subsurface defects
cannot be ideally square, rectangle or circle shapes, idea
shapes were chosen based on a consideration of a balance
between reasonableness of modeling the delaminations and
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the accuracy in solution. Since the objective of this study is
to understand the effect of shapes and sizes of delamination
onitsdetectability by IRT, it was considered that ideal shapes
can reveal the effect of delamination size more clearly than
modeling complicated real shapes of delaminations.
Regarding the depth of delamination from the surface to
the top of the delamination, a depth of mainly 5.1 cm (2in.)
was applied since the top concrete cover for a bridge deck
istypically 5.1 cm, and defects often occur around the rein-
forcing bars; thus, that depth was chosen for this analysisto
exploretheimpact of delamination sizeon IRT. SincethisFE
modeling aims to simulate AT caused by the delamination,
reinforcing bars were not modeled in this study. The thermal
conductivity of reinforcement is much higher than the sur-
rounding concrete, so that it can be assumed reinforcement
would not cause temperature differences on the concrete sur-
face [12]. Actudly, when the artificial delaminations were
installed in the concrete test specimens, guide steel swere set
up in the concrete in order to correctly locate the artificial
delaminations at each depth, yet, those guide steels did not
cause any temperature differenceson the surface[10]. There-
fore, it can be considered that reinforcement inside concrete
is not important for passive IRT test and FE modeling, and
it can be ignored. Furthermore, in order to investigate the
effect of delamination depth, delaminations of 7.6 cm (3in.)
and 10.2 cm (4 in.) depths were also modeled for compara-
tive purposes. Each delamination was installed at the middle
of the concrete block as depicted in Fig. 7, and the follow-
ing are the dimensions of each component of the model:

(1) Concrete block 300 x 300 x 20.3 cm

(2) Ground 600 x 600 x 100 cm

(3) Stands 10 x 20 cm (to make space through which wind
blows)

(4) Delamination plane size; Table 4, thickness of delami-
nation; 0.1, 0.3, 1, 2, 10, 15cm
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Fig. 6 Expanded FE model for this study. a General view, b cross section view, ¢ plan view

Fig. 7 Shapes of delaminations modeled (plan view). a Square (60 x 60cm), b rectangle (10 x 90cm), c circle (r = 16.9cm)

(5) Depth of delamination 5.1, 7.6 and 10.2 cm.

4 Simulation Results

4.1 Reference Points of the Temperatures at Sound and
Delaminated Areas

All simulations aim to compare temperature differences
between sound and delaminated areas (AT) since AT isthe
most important factor for IRT to identify the existence of
subsurface del aminations from thermal images. Even though
concrete deck surfaces of different colors caused by stains,
patched parts, lane markings and other obstacles such as
gravel, debris and trash create different temperatures com-
pared to the surroundings in the same way as a delamination
does, those can be easily distinguished by comparing the
visual images and IRT images [10,11]. Thus, this study

treats AT as the factor of IRT detectability for subsurface
defect detection. According to Clark et a. [47], the effec-
tive delamination detection range of AT was found to be
approximately 0.2-0.3 °C. Hiasa et a. [18] aso assumed
that within +0.3-0.4 °C of AT was the undetectable band
of AT for IRT. Although, more experimental data under dif-
ferent experimental and environmental conditions may be
needed, a probable range for undetectability can be assumed
to be within approximately £0.2 °C of AT, aprobablerange
for detectability is between +0.2 to 0.4 °C, and an amost
certain range for detectability using IRT is anything above
+0.4 °C as shown in Fig. 8. However, the concrete surface
is not a homogeneous temperature even under laboratory
test conditions, and each pixel of an IR image has a dif-
ferent temperature [1]. Therefore, in order to obtain each
model’s AT properly from the simulation results for com-
parison purposes, the same points of delaminated and sound
areas should be decided beforehand. In this study, each tem-
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Table4 Plan size of modeled delaminations

Square Rectangle Circle

Depth: 5.1, 7.6 and 10.2 cm Depth: 5.1 cm Depth: 5.1 cm

Size (cm) Area (cm?) Size (cm) Area(cm?)  Size(cm) Area(cm?)  Radius x Thick (cm)  Area(cm?)
10x 10x 0.3* 100 5x80x0.3 400 10x90x 0.3 900 11.3x0.3 400
15x15x 0.3 225 8x50x0.3 400 15x60x 0.3 900 16.9x 0.3 900

20x 20 x 0.3* 400 10x40x 0.3 400 20x 45x 0.3 900

30x 30x 0.3* 900 16x25%x 0.3 400 25x 36x 0.3 900

40 x 40 x 0.3* 1600
50x 50 % 0.3 2500
60 x 60 x 0.3 3600

* Different thicknesses were modeled at 5.1 cm depth: 0.1, 1, 2, 10, 15¢cm

Fig. 8 Assumed potential detectable and undetectable AT range

perature of sound (Ts) and delaminated (Tq) part and AT are
defined as follows:

Ts: amost homogeneous temperature at sound area

Tq: maximum or minimum temperature at delaminated
area

AT =Tg —Tg (5)

It can be assumed that a dightly larger/smaller area than
the real delamination size shows the temperature difference
on the concrete surface, and other sound areas have almost
the same temperature as shown in Fig. 9. Therefore, several
points of temperatures were compared as shownin Fig. 10to
verify the assumption. Regarding the delaminated area, tem-
peratures of the center part and 10 cm away from the center
as shown in Fig. 10a were compared (“Tge (0)-Tge (10)” in
Fig. 10b). Asto the sound area, the temperature differences
between the center part and points of 1, 5 and 10 cm away
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from the edge of the delamination as depicted in Fig. 10a
were compared, and each temperature differenceis shown as
“AT(1)",“AT(5)" and“ AT(10)" respectively in Fig. 10b. In
thefigure, theresult of adelaminationwith thesizeof 30 x 30
cmisdisplayed. Asitwasassumedin Fig. 9, the center part of
the delamination showed higher/lower temperature than the
surrounding delaminated area during the daytime/nighttime
as shown in Fig. 10b, “Tge (0) — Tga(10)”; thus, the center
part of the delamination was chosen asthe reference point of
the delaminated part.

In terms of the sound part, sound areas clearly indicate
different temperatures compared to delaminated areas, yet,
the point of 1 cm away from the edge shows dlightly differ-
ent AT, 0.14 °C at most, compared to the other two points
throughout the day. On the other hand, these two points, 5
and 10 cm away from the edge, show almost thesame AT, 0—
0.03 °C differencesfrom each other at any timein aday. The
same results can also be obtained from other delamination
size models. Therefore, these results indicate that a slightly
wider area, about 1 cm from the edge in this case, than the
real delamination size shows the temperature difference on
the concrete surface, and other sound areas have almost the
same temperature as shown in Fig. 9. Thus, the point of 10
cm away from the edge of delamination was selected as the
reference point for atemperature of the sound part.

4.2 Effect of Delamination Thickness

The effect of delamination thickness was investigated since
Hiasa et al. [18] found that as the delamination area is get-
ting larger, the impact of the delamination thickness is also
increasing. However, it is not enough to clarify the effect of
the delamination thickness since only two different thick-
nesses, 0.3 and 1.0 cm, of delaminations were compared in
the previous study. It is aso important to determine whether
or not AT is getting bigger as the thickness of delamination
is getting thicker, or if it converges to a certain value at a
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Fig. 9 Images of delaminated concrete surface temperature. a Daytime period, b nighttime period

Fig. 10 Compared points at sound and delaminated areas. a Location of each point, b temperature differences between center part

certain thickness of delamination. Therefore, alarger variety
of sizes of delaminations were modeled in this study. Thus,
several thicknesses of delaminations, 0.1, 0.3, 1, 2, 10 and
15 cm, were model ed and analyzed. Regarding the shape and
size of delamination, asquare shape with four different areas
of delaminations were used, 10 x 10, 20 x 20, 30 x 30, and
40 x 40 cm, and those delaminations were located at a depth
of 5.1 cm from the surface. Figure 11 compares AT of each
delamination thickness in respective areas of delamination.
As it was assumed in Fig. 1, the delaminated area showed
higher temperature (lower temperature) than the sound area
during the daytime (nighttime) at any sizes of delamina-
tion. Furthermore, it is obvious that the difference of AT
between 0.1 and 15 cm thicknesses is getting bigger as the
areais getting larger; the maximum difference between two

thicknesses is 0.16 °C in 10 x 10 cm delamination model
while it is 0.75 °C in 40 x 40 cm delamination model.
In terms of 20 x 20 and 30 x 30 cm delamination models,
they generated 0.45 and 0.65 °C differences at most, respec-
tively. As can be seen from each graph, it is also obvious
that 0.1 cm of thickness generates the smallest AT despite
the area of delamination; consequently, 0.3 cm of thickness
yields a smaller AT than the other thicker delaminations.
However, 1, 2, 10 and 15 cm thicknesses of delaminations
generate almost the same AT, less than 0.15 °C difference
at most among these four thicknesses at any time and any
areas of delaminations. Fig. 12 depicts differences of AT
between (a) 0.3 and 0.1 cm thicknesses, (b) 1 and 0.3 cm
thicknesses, (c) 2 and 1 cm thicknesses, (d) 10 and 2 cm
thicknesses, and (€) 15 and 10 cm thicknesses for each area
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Fig. 11 Temperature differences with respect to delamination sizes. a 10 x 10cm (5.1cm depth), b 20 x 20cm (5.1cm depth), ¢ 30 x 30cm

(5.1cm depth), d 40 x 40cm (5.1cm depth)

of delamination. Asmentioned above, Fig. 12a, b show larger
differences as the areabecomes larger. Moreover, Fig. 12c—e
do notindicateasignificant differenceregardlessof thickness
and area of delamination. Therefore, these results show that
delamination thickness affects AT and a thicker delamina-
tion generateslarger AT. Furthermore, the effect of thickness
increases as the areaincreases; however, the effect of delam-
ination thickness converges to a certain point of AT when
the thickness of delamination becomes 1 cm or more.

4.3 Effect of Delamination Area and Shape

In this subsection, the effects of delamination areaand shape
were investigated. In the previous study conducted by Hiasa
et a. [18], only square shape delaminations comprising of
three different areas, 10 x 10, 20 x 20 and 30 x 30 cm, were
compared by the FE model simulations. Hence, the effects
of delamination area and shape were not fully investigated.
Several sguare shapes of delaminations were compared in
the present study to clarify whether the effect of delamina-
tion area converges to a certain value or not. In the model
of delaminations, lengths of a side of a square (L) were
changed such as L =10, 15, 20, 30, 40, 50 and 60 cm as
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summarized in Table 4. Every thickness of the delamina-
tion was set to 0.3 cm in these cases for keeping consistency
with the test specimen used for the field experiment. Figure
13adepictsthe simulation result of each delamination model
located at 5.1 cm depth. It is obvious that the area of delam-
ination strongly affects AT. However, as the delamination
area exceeds 30 x 30 cm, the corresponding increase in AT
isreduced, at most 0.05 °C between 30 x 30 and 60 x 60 cm.
In fact, when the areas become greater than 40 x 40 cm, the
differences of AT for each delamination area are less than
0.01 °C at any time. Therefore, it can be concluded that AT
converges to a certain value when the delamination area is
approximately 40 x 40 cm. Furthermore, in order to inves-
tigate whether or not the depth of delaminations from the
surface also affects AT in addition to the area of delami-
nation, the same areas of delaminations at 7.6 and 10.2 cm
depths were modeled and simulated. The result is displayed
in Fig. 13D, c. It is obvious that the delamination at 7.6 cm
depth generated smaller AT than the delamination at 5.1 cm
depth at any time; AT was decreased at most 0.38 °C for
L =50 and 60 cm models as the location of the delamina-
tion becomes deeper from 5.1 to 7.6 cm. Moreover, when
the depth of delamination becomes deeper, 10.2 cm, AT
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Fig. 12 Effect of delamination thicknesson AT depending on the area. a Comparison between 0.3 and 0.1 cm thickness, b comparison between
1 and 0.3 cm thickness, ¢ comparison between 2 and 1 cm thickness, d comparison between 10 and 2 cm thickness, e comparison between 15 and

10 cm thickness

decreased at most 0.22 °C for L =60 cm model compared
to the model at 7.6 cm. Furthermore, as can be seen in Fig.
13, the depth of delamination affects AT more during the
daytime than during the nighttime under the given condi-
tions. Even though more experimental data is needed, this
result supports the conclusion that the preferable time period
to apply IRT for concrete bridge deck inspection is during

the nighttime cooling effect [10]. The maximum difference
of AT between 30x 30 and 60 x 60 cm was 0.07 °C in
both cases of 7.6 and 10.2 cm depths delaminations. These
results support the conclusion that the size of delamination
also affects detectability of IRT in addition to the data col-
lection time and the depth of delamination from the concrete
surface. As for the convergence issue regarding the area of
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Fig. 13 Comparison of AT with different square shape areas of delaminations. aL x L x 0.3 cm (5.1 cmdepth), b L x L x 0.3 cm (7.6 cm depth),

cL x L x0.3cm (10.2 cm depth)

delamination, AT of the models of 7.6 and 10.2 cm depths
delaminations also converged to a certain point when the
delamination areais approximately AT of 40 x 40 cm; thus,
it canbeconcludedthat AT convergesto acertain valuewhen
the shape of delamination is square and its area is approxi-
mately 40 x 40 cm regardless of its depth.

In terms of detectability of delaminations by IRT, when a
delamination exists at 5.1 cm depth and itssizeis 15 x 15 x
0.3 cmor larger, IRT may be ableto detect this delamination
since these types of delaminations generated more than 0.3
°C of AT, which exceeds the range for probable detectabil-
ity which is approximately +0.2-0.4 °C range. Regarding
the 7.6 cm depth of delamination, 20 x 20 x 0.3 cmor larger
delaminations might be detected mainly during the nighttime
cooling cycle if IRT is used for such delaminations since
those delamination models show £0.2-0.4 °C range of AT
in a day. In terms of the 10.2 cm depth of delamination,
40 x 40 x 0.3 cm or larger delaminations might be detected
only during the nighttime cooling cycle. Fig. 14 shows some
visual images of simulation results of (a) 15 x 15 x 0.3 cm,
(b) 30x30 x 0.3 cm, and (c) 60x 60x 0.3 cm. As it is
assumed, all delaminated parts can be clearly seen for the
5.1 cm depth delamination models at 1 p.m. (daytime) and
10 p.m. (nighttime). As to the 7.6 cm depth delamination
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models, indications during the daytime are less clear than
those during the nighttime, and it is difficult to distinguish
the indication of a 15x 15 x 0.3 cm delamination during
the daytime. Even though the indication of a 15x 15x 0.3
cm delamination at 10 p.m. can be distinguished from the
simulation result, it can be assumed that detecting this size
of delamination at 7.6 cm might be difficult under passive
IRT since the concrete surface must have a different temper-
ature gradient on the surface, and it might be considered as
noise. Regarding the 10.2 cm depth delamination models, no
indication can be observed during the daytime while the 60
x 60 x 0.3 cm delamination model shows an indication dur-
ing the nighttime. Asfor the 30 x 30 x 0.3 cm delamination
model, it shows a slight indication on the simulation result,
yet it is uncertain that the delamination can be detected by
IRT under passive condition sincethe AT, —0.18°C, isclose
to the border between the assumed ranges for detectability
and undetectability, —0.2 °C. From these results, it can be
concluded that as the area of delamination becomes larger,
the effect on its detectability by IRT becomes bigger; how-
ever, if the area becomes more than 30 x 30 cm, the effect of
delamination area starts to diminish. The temperature differ-
ence AT convergesto acertain value when the delamination
areais approximately 40 x 40 cm.



JNondestruct Eval (2017) 36:57

Page150f 21 57

Fig. 14 Simulation results at
each depth (L =15, 30 and 60
cm; 1 p.m.and 10 p.m.). a
15x15x 0.3cm, b

30 x 30x 0.3cm,c

60 x 60 x 0.3cm
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Table5 Size of delaminations

of each area Area (cm?) 400
Length of sides(cm) 5x 80

Ratio of length (%) 6

8x 50

900
10x40 16x25 10x90 15x60 20x45 25x 36
25 64 11 25 44 69

Fig. 15 Referencepointsof delaminated and sound partsfor rectangle
shaped delamination

Since the effects of area and thickness for square-shaped
delaminations were clarified above, the effects of severa
other shapes of delaminations such as rectangles and cir-
cleswere al'so modeled and analyzed. Rectangles and circles
with two fixed areas of delaminations, 400 and 900 cm?,
were modeled in the simulations and compared to AT of the
same area of square. In terms of the sizes of rectangles, four
different shapes of rectangles were modeled and the ratios
of lengths of shorter side to longer side were summarized
in Table 5. Regarding AT of rectangles, two sides of the
sound part’s temperature were compared as shown in Fig.
15 in order to investigate how rectangular-shaped delamina-
tions affect the temperature gradients of the concrete surface.
Fig. 16 depicts the results of the two cases. “L” in the leg-

ends of these graphs means the temperature at 10 cm away
from the edge of the longer side of the rectangle, and “S’
indicates the temperature at 10 cm away from the edge of
the shorter side of the rectangle. Regarding the differences
of AT between longer and shorter sides of delaminations, the
maximum difference between two sideswas 0.01 °C in each
model throughout the day. Therefore, there is no significant
difference in regard to AT between the longer side and the
shorter side for rectangle delaminations.

However, comparing both casesof Fig. 16, somerectangle
delaminations showed smaller AT than others even though
they have the same area as the others while square, circle
and some rectangul ar-shaped del aminations of the same area
generated similar AT; in the case of 400 cm? of delamina-
tions, the maximum difference of AT was 0.03 °C among
the square and circle models and 16 x 25 cm of the rect-
angle model. In terms of 900 cm? of delaminations, it was
0.05 °C at most between the circle and 20 x 45 cm of the
rectangle models. Moreover, the result showed that only
rectangles which have 25% or lower ratios of the shorter
side length to the longer side length generated distinctly
smaller AT than the other delaminations which have the
same areain each case; 5x 80, 8 x 50, 10 x 40 cm for 400
cm?, 10 x 90, 15 x 60 cm for 900 cm?. It can be assumed
that if the aspect ratio (ratio of the length of the shorter
side to the longer side of the delamination) is more than
25%, AT of any delaminations convergesto AT of the same
area of a sgquare/circular-shaped delamination. Furthermore,
from these two cases of Fig. 16, it can be concluded that
if the aspect ratio is 25% or smaller, AT becomes smaller
than the AT of the same area of a sgquare/circular-shaped

Fig. 16 Temperature differencesdepending on the shape of delamination. a400cm? (0.3 cmthickness; 5.1 cm depth), b 900 cm? (0.3 cm thickness;

5.1 cm depth)
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delamination, and it is getting smaller as the ratio becomes
smaller.

5 Estimation of Delamination depth from IRT Data

Although IRT can indicate the |ocation of the delamination,
one of the biggest limitations is that it cannot provide data
about the depth of the delamination [2,22]. However, thereis
astrong correlation between the size of delamination and the
depth from the surfacein regard to thetemperature difference
of the concrete surface between delaminated and sound parts
asdiscussedin Sect. 4. Generally, IRT providesonly apoten-
tial delaminated area by capturing temperature differences
between sound and delaminated parts. However, based on
the given delaminated area and the temperature difference, it
can be assumed that inverse analysis can be conducted using
FE modeling by simulating severa depths and thicknesses of
delamination models with the indicated area. Therefore, the
findings of the current study show that thereisapossibility to
estimate the depth of the delamination even when using IRT,
leading IRT to a great improvement for concrete structure
inspections.

In order to investigate the possibility whether or not IRT
can provideinformation about thedepth of delamination, IRT
datafrom real bridge deck scanning was utilized in this sec-
tion. Asshownin Fig. 17a, a hatched area of the bridge deck
was inspected by several NDE methods by other researchers
[22,48]. The test bridge is Haymarket Bridge, which is part
of VA Route 15 running over Interstate 66 in Haymarket,
Virginia. In the field test, 8 core samples were drilled after
the data collection of each NDE method, and Fig. 17b shows
one of the 8 cores drilled at the circle located at the coordi-
nate of F-16 describedinFig. 17c. Thegrid linewasassigned
at intervals of 60 cm [22,48]. Hiasa et al. [11] scanned the
same location with IRT at a normal driving speed without
lane closure during nighttime on October 2, 2014, and com-

pared the result to other NDE methods such as |E, GPR and
chain drag. Figure 18a shows the visual image of the bridge
deck taken by aline camerasystem, and Fig. 18b istheresult
of IRT, which is processed by an infrared image processing
software with aspecialized algorithm [49], taken by acooled
type camera, SC5600 manufactured by FLIR Systems, Inc.
(Camera Specifications can be seen in Table 3). The indica-
tions enclosed by dotted lines in Fig. 18b are the potential
delaminations detected by IRT. Even though thereis no evi-
dence which indications are correct or incorrect except for
the locations of 8 core samples, |1E and chain drag indicated
amost identical shapes as shown in Figs. 17b and 18b; thus,
Hiasa et a. [11] concluded that high-speed scanning with
acooled type camera can provide asimilar level of damage
detection to | E and chain drag, which are considered as accu-
rate methods among several NDE methods used in the past
research by other researchers [22,48].

In the present study, the depth of delamination located in
the grids from 15-17 and E-G in Fig. 18b was estimated.
The depth of the delamination can be assumed to be about 6
cm from theimage of the core since the top concrete cover is
6 cm and the delamination occurred around the reinforcing
bar due to corrosion [48]. Although the delaminated cores
must have been repaired by grouting after core sampling in
the past research, it can be considered that the surrounding
parts are still delaminated at the same depth of the core sam-
ple as shown in Fig. 17b because there is no mark of repair
work such as patching around the mark of grouting at the
coordinate of F-16 as shown in Fig. 18g; thus, the delamina-
tion can be assumed as one delamination as enclosed by the
dotted line. Therefore, that particular delamination enclosed
by adotted line, which areindicated by the coordinates from
15-17 and E-G in Fig. 18b, was chosen to investigate the
depth in this study. Regarding the size of delamination, the
areaof thedelamination can be considered morethan 40 x 40
cm since one grid lineis 60 cm in Fig. 18b and that delam-

Fig. 17 Applied bridge (a), the core (b) and indicated delaminations (c) (source [22,40]). a Tested bridge, b core sample (F-16), ¢ indicated

delaminations by chain drag
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Fig. 18 Visua and processed
IR images of the same area as
Fig. 11c, d (source[11]). a
Visual image, b processed IR
image

ination occupies approximately one and a half gridsin both
horizontal and longitudinal coordinates.

Since AT converges to a certain value for these types of
delaminations as discussed in Sect. 4, a 40 x 40 cm square-
shaped delamination model isusedinthisanalysisto estimate
thedepth from the surface. Thedelamination thicknessisalso
an unknown parameter in addition to the depth of delamina-
tion. Two sizesof thicknesses, 0.1 and 1 cm, weremodeledin
the present study. Asmention in Sect. 4.2, the effect of thick-
ness converges to a certain point of AT when the thickness
of delamination reaches at least 1 cm. AT of these two sizes
of delaminations were assumed to be minimum AT, which
iSAT of 40 x 40 x 0.1 cm, and maximum AT, whichis AT
of 40 x 40 x1 cm. The authorsassumed it is possible to esti-
mate the depth of delamination by comparing AT from IRT
datawith the minimum and maximum AT obtained from FE
model simulations at several depths.

Asfor AT of IRT data, temperatures of delaminated and
sound parts were defined by picking three points randomly
from the respective parts of IRT data and calculating the
averagesof theselected points. Fig. 19istheenlargedinfrared
image of the delamination located at coordinates between
15-17 and E-G in Fig. 18. The three temperatures written
in red color are the temperatures of the delaminated part and
other three written in green color are the temperatures of
the sound part. From Fig. 19, the temperature of the sound
part was found to be 19.02 °C, and the temperature of the
delaminated part was 18.69 °C. Hence, AT was —0.33 °C.

Fig. 19 Temperatures of delaminated and sound parts
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Fig. 20 Thedaily temperature (source [50])

The same FE model conditions as explained in Sect. 3.2
was utilized, and the weather conditions of the simulation
was set up by calibrating deck temperatures of sound parts
based on the weather record from the closest weather station
[50], approximately 15 km away fromthe bridge. Thesunrise
was 7:06 am. and sunset was 6:51 p.m. on that day, and the
daily temperature is shown in Fig. 20. Based on the weather
record, it was cloudy during the daytime and clear during
the nighttime. Since the IRT datawas collected at 10:30 PM,
AT of simulation results at 10:30 p.m. were compared. In
the delamination model of 40 x 40 x 0.1 cm, the depths of
delamination were changed every 1 cm from 3 to 6 cm, and
the depths of 40 x 40 x 1 cm model were simulated from 4
to 7 cm. Table 6 summarizes AT of IRT data and FE model
simulations for each case.

In the case of 40 x 40 x 0.1 cm delamination model, AT
were —0.36 °C when thedepth was5 cm and —0.25 °C when
the depth was 6 cm; therefore, the depth of the real delami-
nation can be assumed between 5 and 6 cm if the thickness
is0.1 cm. On the other hand, AT of 40 x 40 x 1 cm delam-
ination model were —0.55 °C at 6 cm depth and —0.29 °C
at 7 cm depth; thus, the depth of the real delamination can
be assumed to be between 6 and 7 cm if the thicknessis 1
cm or more. Since the thickness of the delamination is aso
unknown as mentioned above, the depth of thereal delamina-
tion can be assumed to be between minimum and maximum
depths from the two cases of FE modeling. Therefore, the
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Table6 AT of IRT dataand FE

model simulations for each case 10:30PM IRT

Thickness: 0.1 cm

Thickness: 1 cm

Depth Unknown 3cm 4cm 5cm 6cm 4cm 5cm 6cm 7cm

Del. (°C) 18.69 1829 1841 1853 1864 1760 1797 1830 1858
Sound (°C) 19.02 1890 1889 1889 1889 1883 1884 1885  18.87
AT (°C) —0.33 -061 -048 -036 -025 —-123 -087 -055 029

depth of the delamination indicated by IRT can be estimated
to be 5-7 cm deep from the surface. This result matches
the depth of the core sample that is approximately 6 cm
from the surface. Thus, it can be concluded that this estima-
tion method worked properly by incorporating IRT with FE
modeling.

6 Conclusions

Inthisstudy, theeffectsof area, thicknessand shape of delam-
inations on subsurface defect detectability by IRT isexplored
through FE modeling. The temperature difference between
sound and delaminated areas, AT, is considered as the ref-
erence value to discuss its detectability by IRT since it is
the most important factor for IRT to identify the existence
of subsurface delaminations from thermal images. Regard-
ing the effect of delamination thickness, it is shown that
AT increases as the thickness of delamination increases;
however, AT converges to a certain point of AT when
the thickness of delamination becomes at least 1 cm. In
terms of the effect of delamination area, it is found that as
the area of delamination becomes larger, the effect on its
detectability by IRT becomes bigger since the area of delam-
ination strongly affects AT, however, if the area becomes
more than 30 x 30 cm, AT converges to a certain value
when the delamination area is approximately 40 x 40 cm.
As for the shape of delamination, not only square shape of
delaminations, but also rectangular and circular shapes of
delaminations are modeled and analyzed. The results show
that only rectangular-shaped delaminations which have 25%
or lower ratios of shorter side length to longer side length
generate distinctly smaller AT than the other delaminations
which have the same area regardless of shape. Therefore, it
can be assumed that if the aspect ratio (ratio of the length
of the shorter side to the longer side of the delamination) is
more than 25%, AT of any delaminations convergesto AT
of the same area of a square/circular-shaped delamination.
Furthermore, it can also be concluded that if the aspect ratio
is 25% or smaller, AT becomes smaller than the AT of the
same area of a square/circular-shaped delamination, and it
is getting smaller as the ratio becomes smaller. It should be
noted that these results are determined by FE modeling which
was validated with limited test specimens and experimental

data, so more experimental datais desired to provide evident
results.

Through the present study, a strong correlation was found
between the size of delamination and the depth from the con-
crete surfacein regard to AT. Thisled to an investigation of
the possibility to overcome IRT’s depth information limita-
tion by estimating the depth of thedelaminationusing IRT. In
order toinvestigatethe possibility whether or not IRT can pro-
vide information about the depth of delamination, IRT data
from real bridge deck scanning was utilized. It was assumed
that it was possible to estimate the depth of delamination
by comparing AT from IRT datato AT at several depths
obtained from FE model simulations. Since AT convergesto
a certain value which is approximately AT of 40 x 40x 1
cm of square, AT of the two sizes of delaminations were
assumed to be minimum AT, which is AT of 40 x 40 x 0.1
cm, and maximum AT, which is AT of 40 x 40 x 1 cm. By
comparing AT from IRT datato AT at severa depths, the
real delamination’s depth from the surface can be assumed
to be between 5 and 7 cm based on these two cases of FE
model simulations. Since the depth is approximately 6 cm
from the surface, it can be concluded that this estimation
method worked properly to provide delamination depthinfor-
mation by incorporating IRT with FE modeling in this case
study.
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