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Abstract
Delamination in reinforced concrete (RC) bridge decks can degrade the serviceability of entire bridges, leading to concrete 
spalling and steel rebar corrosion and eventually becoming a safety concern. Drone-based infrared thermography (IRT) offers 
a promising tool for rapid assessment of bridge deck delamination compared to labor-intensive coring and visual inspection 
methods. However, the performance of passive IRT in detecting the delamination of RC bridge decks at its minimum depth 
and size (i.e., spall 25 mm or less deep or 150 mm or less in diameter) stipulated under a ‘fair’ condition state in the 2019 
AASHTO Manual for Bridge Element Inspection has not been verified adequately. In this study, four RC slabs of identical 
design were cast with embedded thin foam sheets to simulate a wide range of delamination in thickness, size, spacing, and 
depth. Together, the four slabs form a representative RC deck of a mark-up bridge. Controllable indoor active IRT tests 
of individual slabs were conducted to detect and quantify the foams that serve as a ground truth for the performance of 
drone-based passive IRT for deck delamination detection on the mark-up bridge as the embedded foams may be displaced 
during concrete slab casting and the slab support is altered during erection. Statistical analysis was carried out on the ther-
mal contrasts of both passive and active IRT tests on the four slabs to investigate the effects of delamination geometry and 
embedment depth. Both the active and passive IRT methods proved successful in localizing delamination and identifying 
its equivalent thicknesses of as low as 1.63 mm and a size (150 mm in length or 25 mm in depth) corresponding to the ‘fair’ 
condition state in the AASHTO Manual for Bridge Element Inspection.

Highlights

1.	 Statistical analysis is conducted to assess the capabilities of IRT in delamination detection.
2.	 Active IRT tests are introduced to evaluate the performance of UAV-based passive IRT.
3.	 Thickness, size, spacing, and depth of delamination are considered in parametric study.
4.	 Thermal contrast and gradient amplitude are employed to quantify delamination.

Keywords  Non-destructive evaluation (NDE) · Unmanned aerial vehicle (UAV) · Infrared thermography (IRT) · 
Reinforced concrete (RC) · Bridge decks · Delamination

1  Introduction

The deterioration of aging infrastructure poses a potential 
threat to the safety of the public. As reported by the Ameri-
can Road & Transportation Builders Association [1], more 
than 30% of bridges in the United States need replacement 
or rehabilitation. Among all reinforced concrete (RC) bridge 
components, bridge decks have been identified as the most 
problematic due to their susceptibility to various deteriora-
tion mechanisms [2]. Despite representing a small portion of 
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the initial expenditure for bridges, the RC decks account for 
50 to 85% of annual bridge maintenance investment or up to 
$125 billion in the United States [3, 4]. To manage costs and 
ensure the public safety, the federal government mandates 
periodic inspections on all bridges along the interstate and 
U.S. highways with inspection intervals ranging from 12 to 
48 months based on factors such as bridge condition, type, 
traffic, location, and age [2, 4].

RC bridge deck deterioration may start in unbonded 
subsurfaces and unintegrated interiors, including delamina-
tion and cracking [2]. Concrete delamination occurs in the 
cover of RC members near their surface due to the expan-
sion of corroded embedded rebar, environmental variations, 
and cyclic traffic loads. If repairs are not made in a timely 
fashion, delamination can lead to further deterioration and 
spalling [5, 6], eventually compromising the structural 
integrity of the deck. Currently, the most common methods 
for bridge evaluation are physical (e.g., coring) and visual 
inspections. However, these methods suffer from drawbacks 
such as high subjectivity, dependence on skills or experi-
ences, and limited accessibility [7, 8]. Moreover, these 
assessments often require traffic control or lane closures.

Non-destructive testing (NDT) technologies provide an 
effective means of monitoring the subsurface deterioration 
of RC bridge decks. Among various NDT methods, infrared 
thermography (IRT) has gained widespread popularity due 
to its real-time, low-cost, non-contact, and wide-area meas-
urement advantages [9, 10]. IRT involves measuring infra-
red radiation, which corresponds to the surface temperature 
distribution collected by a thermal camera. This data can be 
interpreted to determine the dimensions of delamination in 
the bridge structure. To improve the efficiency of delamina-
tion detection while minimizing traffic disruption, unmanned 
aerial vehicle (UAV) equipped with thermal cameras rep-
resents a cost-effective and valuable option for inspecting 
hard-to-reach areas of bridges. This method has increas-
ingly attracted the interest of state and local transportation 
authorities and stakeholders, and significant efforts have 
been devoted to using UAVs with IRT for detecting delami-
nation in RC bridge decks [11–15]. However, the manual 
operation of UAVs requires the availability of skillful, well-
trained pilots and, even then, involves a risk of potential 
incidents. Therefore, autonomous UAVs were recommended 
in practical applications. With the help of advanced machine 
learning, automatic bridge damage detection can be achieved 
more effectively and efficiently [16–20]. Real-time multiple 
damage mapping using an autonomous UAV and deep faster 
region-based neural networks for GPS-denied structures was 
reported to show a favorable precision of 93% in average for 
damage detection in large-scale RC structures [20].

According to AASHTO’s manual for bridge element 
inspection [21], the classification of a RC bridge deck’s 
health condition depends not only on the size but also on 

the embedment depth of delamination. For instance, a spall 
1 inch or less in depth or 6 inches or less in diameter is 
considered to be a fair condition. If the parameter exceeds 
this threshold, it is classified as being in a poor or even 
severe condition. Two types of impact factors affect the 
performance of IRT, including environmental conditions 
and thermal properties of detected objects [22]. Instead of 
on-site tests, to access the capabilities of IRT for detect-
ing delamination in RC bridge deck, more controllable 
laboratory studies were widely carried out to minimize the 
influence of environmental conditions [11, 23–29]. These 
studies adopted artificial materials to mimic delamina-
tion that expected to represent the behavior of an actual 
delamination.

Delaminated concrete is anticipated to have less den-
sity and more air voids than sound concrete, and thus, 
low-density styrofoam has been extensively employed as 
a suitable simulation material for delamination. According 
to the numerical studies conducted by Hiasa et al. [26], the 
performance of delamination detection using IRT is influ-
enced not only by the delamination size and depth but also 
by the thickness of delamination. Previous experimental 
studies have mainly focused on investigating the detec-
tion capabilities of IRT in terms of defect size and depth, 
overlooking the importance of thickness. Moreover, some 
studies used a foam thickness of 40–50 cm [27–29], which 
is not representative of actual delamination dimensions. 
To timely and efficiently identify delamination, the per-
formance of UAV-based passive IRT for detecting small 
and shallow delamination should be investigated. There-
fore, there is a need to further explore the capabilities of 
IRT in identifying deterioration in RC bridges through 
simulated small defects, as it can provide more in-depth 
insights into the resolution of IR imaging. This, in turn, 
can help prevent significant repair expenses and offer a 
range of decision-making options.

This paper aims to investigate the capabilities of pas-
sive IRT in timely and rapidly detecting the delamination 
of a mockup bridge deck consisting of four RC slabs. The 
thickness, size, spacing, and depth factors are considered. 
To mitigate the influence of environmental conditions, 
controlled laboratory tests are conducted using active 
IRT. The active IRT results provide “ground truth” for 
verification and validation of the passive IRT in situ tests 
in the open field. Statistical analysis is performed on the 
four individual RC slabs with a variety of small delamina-
tion sizes. Thermal contrast is employed to investigate the 
effects of delamination properties on the detectability of 
delamination using IRT. The algorithm involving tempera-
ture gradients is adopted to quantify the delamination size. 
The results obtained from the active IRT were compared 
with those of UAV-based passive IRT to verify its perfor-
mance in delamination detection.
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2 � Fundamentals on the use of IRT

The fundamentals on the use of IRT is introduced in this 
section. They include underlying theory, impact factors, 
delamination detection, and evaluation and verification 
methods.

2.1 � The underlying theory

The principle of IRT for bridge delamination inspection 
is based on the difference in heat transfer between sound 
and delaminated materials in the subsurface of a bridge 
deck. Heat energy can be transferred through three ways: 
conduction, convection, and radiation. The wavelength of 
radiation approximately ranges from 1 μm to 1000 μm, 
which is known as the infrared range. Infrared radiation 
is emitted by objects at temperatures above absolute zero, 
i.e., − 273.15 °C (0 Kelvin). The radiation energy can be 
measured by an infrared camera, as it is a function of their 
temperature and emissivity, as presented in Eq. (1) [30].

where E = total radiant energy emitted from an object’s sur-
face, ε = emissivity of the object, σ = Stefan–Boltzmann con-
stant (5.67 × 10–12 W/cm2k4), and T = absolute temperature 
of the emitting object in Kelvin.

The emissivity refers to the ability of an object’s surface 
to emit energy by radiation relative to a perfect blackbody 
with an emissivity of unity. It ranges from 0 for no emission 
to 1 for a perfect emitter. The emissivity of concrete is rela-
tively high and typically larger than 0.92 [30]. Consequently, 
concrete is a good emitter of heat compared to other materi-
als, such as metals.

During the monitoring process of both active and passive 
IRT, transient heat diffusion occurs, which is related to the 
thermal properties of the materials and the heat source [31], 
as follows:

in which ρ = material density, c = specific heat, t = heating or 
cooling time, x = coordinate of spatial position, k = thermal 
conductivity, Q = energy input, and T = absolute temperature 
as a function of space and time.

When the thermal conduction is stabilized, the following 
equation applies.

where ∆Ti,i+1 = the temperature difference between layer i 
and i + 1 of the material, and Ri = thermal resistance, which 
can be expressed into:

(1)E = ��T4
,

(2)�c
�T(x, t)

�t
= k

�T2(x, t)

�x2
+ Q,

(3)ΔTi,i+1 = QRi,

in which di = thickness of the ith layer material, ki = thermal 
conductivity of the ith layer material, and Ai = area of the ith 
layer material. Equation (4) indicates that the temperature 
difference increases with the layer thickness and decreases 
with the thermal conductivity and area. In delamination 
detection, the layer thickness correlates not only with the 
concrete depth on top of the delamination [24, 25, 28] but 
also with the delamination thickness itself [25]. This infor-
mation is crucial in understanding the factors that influence 
the temperature difference and can be valuable in the effec-
tive detection of delamination in bridge decks using infrared 
thermography.

2.2 � Impact factors

Besides the thermal properties of an object to be detected, 
as demonstrated in Eq. (4), the detectability of delamina-
tion from an IRT depends upon surface characteristics of 
the object, such as oil stain, texture, color, and roughness 
[12, 32]. In addition, environmental conditions significantly 
affect the performance of thermal imaging, including ambi-
ent temperature, wind speed, humidity, and solar loading. 
According to American Society for Testing and Materials 
(ASTM), IRT should not be carried out when the ambient 
temperature is below 0 °C (32 °F) to avoid false delamina-
tion readings caused by ice [33]. Furthermore, delamina-
tion detection is unsuitable when wind speed exceeds 50 
kph (30 mph), as the thermal contrast between delaminated 
and sound regions decreases with the wind speed due to 
surface temperature shear effects [33, 34]. Many studies 
have applied the ASTM standards during data collection at 
bridge sites for delamination detection from IRT [32, 35]. 
Moreover, humidity, rain or snow can reduce the measured 
temperature values and thermal contrast due to the endo-
thermic reaction induced by water evaporation, resulting in 
local surface cooling [36]. Solar loading also affects thermal 
imaging results as low solar intensity or periodic cloud cover 
can significantly delay the observation of subsurface features 
in thermal images [28].

2.3 � Delamination detection

IRT can be divided into two categories: active and passive, 
based on the requirement of externally supplied energy. 
Active IRT involves the application of a non-natural energy 
source (such as microwave, eddy current, and laser) to the 
inspected regions while collecting data during heating or 
cooling phases [23, 24, 37]. On the other hand, passive IRT 
utilizes the natural energy sources (such as solar and ambient 
temperature variation) to stimulate temperature distribution 

(4)Ri =
di

kiAi

,
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in the inspected structures [11, 12, 38]. While the active 
IRT can detect smaller defects and provide more detailed 
information about the defect characteristics compared to 
the passive IRT, it is often more expensive to implement 
for large-scale infrastructure due to the limited area that an 
external heating source can cover. In contrast, the passive 
IRT is commonly employed for detecting the delamination 
of RC bridge decks in practical applications. Table 1 sum-
marizes the pros and cons of active and passive IRT methods 
for the detection of RC bridge deck delamination.

Figure 1 shows a schematic view of RC deck delami-
nation detection using passive (daytime when subjected to 
natural solar radiation) and active IRT (immediately after 
a non-natural heat source removed), respectively. When a 
delamination layer occurs in concrete, which could initiate 
from debonding between concrete and multiple steel bars, 

air occupies the space formed by the delamination and, thus, 
reduces the thermal conductivity of the deteriorated region. 
As a result, the solar heat conduction in the delamination 
region is less efficient than its surrounding sound region, 
causing higher radiation heat and temperature on the top 
surface of the delaminated region [39]. Similarly, when a 
non-natural heat source is removed, the heat trapped in the 
delamination region will radiate more slowly than that in its 
surrounding sound region. However, the active IRT involv-
ing a non-natural heat source is fully controllable while the 
passive IRT largely depends on the sunlight condition.

2.4 � Evaluation and verification methods

The thermal test results obtained from both controllably 
active and rapidly passive IRTs are compared. Two evalua-
tion methods, namely thermal contrast and gradient ampli-
tude, are employed to assess and verify the effectiveness of 
UAV-based passive IRT.

2.4.1 � Time‑series thermal contrast

To analyze the thermal profiles, the thermal contrast (ΔT) is 
introduced as shown in Eq. (5).

where ΔT(t) is the temperature difference at time t, T(xd, yd, 
t) is the measured temperature right above the delaminated 
location at time t, and T(xs, ys, t) is the measured temperature 
of sounding location at time t. Time zero is defined as the 
beginning of a cooling phase after the removal of a strip 
heater in the active IRT. A schematic view of the thermal 
analysis process is illustrated in Fig. 2. The ΔT at each time 
instant is analyzed and compared to evaluate the evolution 
of the temperature distribution in each specimen.

The thermal contrast is obtained from each delamina-
tion area in RC slabs using the same process. This pro-
cess allows for determining the maximum time-varying 
thermal contrast for each delamination area relative to a 
reference point in the sound area, thereby establishing the 

(5)ΔT(t) = T
(
xd, yd, t

)
− T

(
xs, ys, t

)
,

Table 1   Comparison between active and passive IRT for concrete 
delamination detection [26, 32, 38]

Active IRT Passive IRT

Pros High in accuracy
Good for depth/size/location 

determination
Independent of weather 

condition
Applicable to all bridge ele-

ments

Large in moni-
toring area 
from each test

No heating 
boundary 
effect

Time efficient
No traffic 

control during 
inspection 
using a drone

Cons Limited in monitoring area 
from each test

Labor intensive
Sensitive to boundary effect 

of a heat source
Time consuming

Difficult in 
depth determi-
nation

Moderate in 
accuracy

Dependent of 
solar light or 
weather condi-
tion

Susceptible to 
oil stains or 
other confus-
ing factors

Fig. 1   Schematic view of a 
passive IRT on a RC deck 
(daytime), and b active IRT 
immediately after a non-natural 
heat source is removed
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relationship between the delamination depth and size in 
thermal images. To ensure uniform surface temperature 
measurements, the reference point is selected at a mini-
mum distance of 102 mm from the edges of both the sound 
area and the delamination area, as indicated in a previous 
study [28]. In this study, a reference point 127 mm (5 in.) 
away from the edges is selected to ensure that the collected 
data are not influenced by edge effects.

2.4.2 � Gradient amplitude

Image gradient is widely used to extract information from 
an image. Its primary application is in edge detection. In 
this study, the image gradient is introduced for delamina-
tion quantification. The gradient of the image intensity 
function at each pixel in an image is represented by a two-
dimensional (2D) vector with two components given by 
the derivatives in horizontal (x) and vertical (y) directions. 
Mathematically, the gradient of an image is defined as 
shown in Eq. (6).

where �f∕�x and �f∕�y are the partial derivative with respect 
to x and y (gradient in the x and y directions), respectively. 
In this study, Prewitt operator [40] is adopted for the 
edge detection of delamination area. The gx and gy can be 
expressed into:

(6)∇f =
[

gx
gy

]

=
⎡

⎢

⎢

⎣

�f
�x
�f
�y

⎤

⎥

⎥

⎦

,

where A represents the area of the image. At each pixel in the 
image, the resulting gradient approximations can be com-
bined to give the gradient magnitude, using Eq. (8)

The gradient magnitudes of all the pixels form a gradient 
map of the image. The local maximum in gradient mag-
nitude forms a closed loop in the gradient map, the edge 
of an object causing a significant temperature change from 
inside to outside of the loop. The area of the closed loop is, 
thus, indicative of the area of uniform temperature. In this 
study, the closed-loop area is a result of either the delamina-
tion foam board in both active and passive IRTs or the strip 
heater in the active IRT. Therefore, the close loop represents 
the corresponding delamination area or the strip heater size.

3 � Experimental methods

In this section, the detail of the experimental methods are 
introduced. They include the design of specimens, and 
equipment and test setup.

3.1 � Design of specimens

Four identical RC slabs, labeled as S1–S4, were designed 
and cast to assess the effectiveness of the IRT technology for 
delamination detection. As illustrated in Fig. 3, each speci-
men measures 182.9 cm (6 ft) in length, 114.3 cm (3.75 ft) 
in width, and 18.4 cm (7.25 inches) in height. The longitu-
dinal and transverse steel rebars have a diameter of 1 cm 
(3/8 inch). Commercial mix-ready concrete with an average 
28-day compressive strength of 31.5 MPa (4.57 ksi) was 
used.

Delamination in each RC slab was designed in reference 
to the AASHTO’s Manual for Bridge Element Inspection 
[21]. According to the Manual, the condition of an RC 
bridge deck is considered “poor” if delamination exceeds 
1 inch (25.4 mm) in depth or 6 inches (15.2 mm) in diam-
eter. To simulate this level of delamination, two types of 
defects were incorporated into each specimen, referred to as 
“large” and “small” delamination sheets. For each specimen, 
six delamination sheets labeled as A to F and six delami-
nation sheets as A′ to F′ were, respectively, positioned at 

(7)

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

gx =
⎡

⎢

⎢

⎣

1 0 −1
1 0 −1
1 0 −1

⎤

⎥

⎥

⎦

∗ A,

gy =
⎡

⎢

⎢

⎣

1 1 1
0 0 0
−1 −1 −1

⎤

⎥

⎥

⎦

∗ A,

(8)g =
√

g2
x
+ g2

y
.

Fig. 2   Illustration of the thermal analysis process
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depths of 1.0 and 1.5 inches (25.4 and 38.1 mm) from the 
top and bottom surfaces of the specimen. These depths rep-
resent typical concrete cover thicknesses found in RC bridge 
decks. The small delamination sheet measures 6 × 6 inches 
(15.2 × 15.2 cm), while the large delamination sheet meas-
ures 12 × 12 inches (30.5 × 30.5 cm).

As demonstrated in Fig. 4, all delamination sheets were 
simulated using a combination of styrofoam strips and a 
plastic board. The thermal properties of the foam strips 
were chosen to resemble those of air, replicating the gap 
between the concrete and rebar caused by rebar corrosion 
in RC bridge decks. The plastic board serves as a base to 
support the thin styrofoam strips and prevent them from 
distortion during concrete casting. The thermal properties 

of the materials are summarized in Table 2. Each strip has 
a width equal to the maximum thickness of commercially 
available styrofoam boards, which is 5.1 cm (2 in.). The 

(a) (b)

114.3

E F' F E'

A B C D

A' B' C' D'

Unit: cm

1-1

2-2

3-3

182.9

18.4
A~D

A'~D'
E~F
E'~F'

Plan view Elevation view

1

2

3

E
F'

F
E'

A B C D

A' B' C' D'

1

2

3

182.9

3.81

2.54

3.81

2.54

Fig. 3   Details of the specimen and embedded delamination sheets: a photo, and b sketches

Fig. 4   Styrofoams used in: a 
small and b large delamination. 
(Unit: cm)

Table 2   Thermal properties of materials

Material k (W/m K) c (J/g K) ρ (kg/m3)

Concrete 2.006 1.807 2600.00
Steel rebar 45.000 3.500 7850.00
Plastic board 0.213 1.274 1100.00
Styrofoam board 0.024 0.025 25.00
Air 0.025 1.000 1.22
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length of each strip matches that of a small plastic board, 
measuring 15.2 cm (6 in.).

As depicted in Fig. 4a, each small delamination sheet 
consists of two strips placed side by side without spacing. 
The foam thicknesses for the small delamination corre-
sponding to A/A′, B/B′, C/C′, and D/D′ as illustrated in 
Fig. 3 are 5, 3, 1, and 0 mm, respectively. In Fig. 4b, each 
large delamination is composed of a large plastic board 
supporting eight strips arranged side by side and spaced by 
1.3, 1.9, 2.5, and 3.8 cm, to examine the impact of spacing 
on IRT. Two different strip thicknesses, 5 and 3 mm (13/64 
and 1/8 in.), denoted were used for the large delamination 
corresponding to E/E′ and F/F′ in Fig. 3, respectively. Fur-
ther details regarding the delamination sheets are provided 
in Table 3.

According to Eq. (4), the thermal resistances of 1-, 3-, 
and 5-mm-thick styrofoams are 0.27, 0.81, and 1.35, respec-
tively. These values are larger than those of 8-mm-thick plas-
tics and concrete, which are 0.17 and 0.017, respectively. 
This means that the effect of an 8-mm-thick plastic layer is 
equivalent to that of a styrofoam layer with a thickness of 
0.63 mm in terms of heat conduction.

3.2 � Equipment and test setup

3.2.1 � Thermal camera

FLIR Duo Pro R cameras were used for both active and 
passive IRT, which is specially designed for use on drones. 
Each camera comprises a visible imager and a longwave 
infrared thermal imager. The thermal imager has a sensitiv-
ity of 50 mK. Other relevant parameters for both imagers are 
summarized in Table 4. Among them, the most important 
parameter is resolution, which will affect the data quality 
and delamination detection results. However, the higher the 

image resolution, the greater the camera cost. The selection 
of cameras reflects a trade-off of resolution and cost.

3.2.2 � Active IRT

As shown in Fig. 5, the heating source used in active 
IRT was a strip heater measuring 0.3 × 1.2 m (1 × 4 ft). 
A temperature controller was employed to precisely con-
trol the temperature of the strip heater with a sensitivity 
of ± 4 °C (± 6 °F). To ensure adequate coverage of the area 
of interest, a top-view (looking down) thermal camera was 
deployed directly above the heating area at a distance of 
213 cm (7 ft). To eliminate any measurement drift, an ice-
box was used as a reference at 0 °C (32 °F). The test was 
conducted inside the Highbay Laboratory at Missouri S&T 
with air conditioning to minimize the influence of ambient 
environment. During the data collection period, the room 
temperature and humidity in the lab were maintained at 
20.5 ℃ (69 °F) and 40%, respectively, with a temperature 
variation of 3 ℃ (5 °F) and a humidity variation of 10%. 
After the thermal scanning from the top surface was com-
pleted, the RC slabs were flipped over to investigate the 
influence of different delamination embedment depth on 
active IRT detection. All thermal images were processed 
using the noise filter function in Matlab to remove noise 
and enhance clarity. The same test protocol was used for 
all slabs. That is, the delamination area of each slab was 

Table 3   Delamination details Delamination type Size (cm2) Spacing (mm) Thickness (mm) Depth (mm)

Styrofoam for small delamination 15.2 × 5.1 0 0, 1, 3, 5 25.4, 38.1
Styrofoam for large delamination 15.2 × 5.1 13, 19, 25, 38 3, 5 25.4, 38.1
Plastic for small delamination 15.2 × 15.2 10.5 8 25.4, 38.1
Plastic for large delamination 30.5 × 30.5 22.0 8 25.4, 38.1

Table 4   FLIR Duo Pro R specifications

Parameters Visible imager Thermal imager

Focal length (mm) 8 13
Fields of view (H × V) 56 ° × 45 ° 45 ° × 37 °
Resolution 4000 × 3000 640 × 512
Spectral band (μm) 0.4–0.7 7.5–13.5

Fig. 5   Active IRT test setup
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first heated to 120 °C (250 °F) within 10 min at a heat 
increasing rate of 40 ℃/min. The heater was then removed 
and data continued to be collected for another 50 min. The 
thermal image sampling rate is a constant of 0.05 Hz dur-
ing both the heating and cooling phases.

3.2.3 � Passive IRT

The passive sensing method using solar energy is commonly 
employed during bridge inspection due to its advantages as 
presented in Table 1. In this study, an UAV (Model: DJI 
M600) equipped with a thermal imager was used for passive 
IRT. The UAV captured thermal images under sunlight from 
an altitude of approximately 12.2 m (40 ft) above the RC 
deck on the mark-up bridge, providing a better field of view.

To obtain the most favorable results, the tests were 
conducted at around 14:00 when the temperature contrast 
between delamination and sound areas is highest [28]. As 
shown in Fig. 6, the four RC slabs tested in the Highbay 
Laboratory were moved to the project site and placed side 

by side on a steel frame support of two steel girders and 
four steel columns to form a mark-up girder bridge. This 
arrangement ensures that data for all the slabs can be col-
lected simultaneously while also eliminating heat conduc-
tion from the ground. A weather station was set up on the 
rear door of a Van to obtain weather information, including 
wind speed (0.5 m/s), wind direction (Southeast), ambient 
temperature (25 ℃), and illumination intensity (600 lm/m2). 
Additionally, a tarp with three different colors was used to 
investigate the impact of known material and color on ther-
mal images with the intent of aiding in the image analysis. 
All thermal images were processed using the same proce-
dure as in active IRT, ensuring consistency in data analysis 
and comparison.

4 � Experimental results

The experimental results obtained from the active and pas-
sive IRTs are demonstrated in this section.

4.1 � Active IRT

Figure 7 illustrates the time histories of temperatures at four 
representative points in one slab specimen. One of these 
points is located at the center of the strip heater covered area, 
monitored from the top-view camera. The other three points 
are situated at distances of 0 mm, 46 mm, and 92 mm below 
the center of the strip heater covered area on the side face 
of the specimen. It can be observed that the temperature at 
the top center position stabilizes after 6 min. Although the 
temperature of the side concrete surface does not reach the 
target of 120 ℃ (250 °F), it is significantly higher than the 
room temperature of 20.5 ℃ (69 °F), creating the necessary 
temperature difference between delaminated and sounding 
areas inside the specimens. Upon removal of the heater, 
the temperature rapidly reduces in about one min and then 
gradually decreases in the remaining test duration (up to 
60 min total). To reduce the data storage space, the total data Fig. 6   Passive IRT test setup

Fig. 7   Temperature variation measured by top- and side-view thermal cameras
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collection period at the cooling stage is set to 20 min in the 
remaining tests.

Figure 8 presents the typical temperature distribution 
of the delamination area over time after the strip heater is 
removed. The time intervals shown are 0 min, 1 min, 3 min, 
5 min, 10 min, 15 min, and 20 min in the cooling phase. 
As expected, the delamination area exhibits a warmer tem-
perature compared to the sounding area due to heat trapped 
in the cavity during heating phase and gradually fade out 
in the cooling phase, enabling qualitative differentiation 
between the damaged and sound regions. The delamination 
area becomes more distinctive over time till approximately 
10 min. For delamination A–D represented by rectangular 
defects, as shown in Fig. 8a, small individual defects can-
not be separated from the temperature distribution prior to 
t = 5 min. This is likely attributed to the existence of the 
plastic board, which increases the thickness and the heat 
insulation of the delamination. By the time t = 10 min, indi-
vidual rectangular defects can be seen clearly. At t = 20 min, 
each small delamination defect (foam) appears in an ellipti-
cal shape and its corners are no longer discernible in the 
temperature plots. The blur effect of edges is mainly gener-
ated by the heat diffusion process [41]. Similar trends are 
observed from large delamination defects in Fig. 8b, which 
is embedded at the same depth of 25 mm (1.0 in). These 
findings emphasize the evolution of the thermal response of 
the delamination area over time, offering valuable insights 
into the detection process using IRT methods.

To better understand the impact of the thickness of the 
embedded delamination, the temperature distributions along 
the centerlines (both x and y directions) of the specimens at 
various times in the cooling phase for delamination A–D and 
A′–D′ in S-1, as shown in Fig. 9, were examined. It can be 
observed that temperature difference ΔT increases with the 
thickness of delamination in all but delamination D, which 
exhibits a slightly higher temperature than delamination C 
before t = 15 min. At t = 20 min, the temperature of delami-
nation D becomes lower than that of delamination C. This 
behavior may be attributed to the non-uniform heating of the 

strip heater caused by the uneven concrete surface. At 3 min, 
the heat trapped in the delamination area is higher than that 
in the sounding area. As the cooling process progresses up 
to 20 min, the distribution of ΔT tends to become uniformly 
distributed across the specimen. The profile of ΔT can reflect 
the delamination shape in both x and y directions, but the 
error increases with an increase in embedded depth. This 
effect is likely due to the heterogeneity of the concrete and 
the longer distance in the heat transfer path. Overall, the 
study highlights how delamination thickness influences the 
thermal propagation, providing valuable insights into the 
detection process using passive IRT.

Similar to the observation on small delamination, the 
temperature difference ΔT increases with the increase in 
thickness for large delamination, as seen in Fig. 10. The 
temperature contrast is higher near the edges of the delami-
nation area during the initial cooling period, up to 5 min. 
However, as the cooling process continues, the temperature 
distribution stabilizes between 10 and 20 min. The tempera-
ture distribution effectively reflects the size of the delamina-
tion for both E–F and E′–F′. These findings provide valuable 
insights into how delamination thickness affects the thermal 
response during passive IRT and can aid in quantifying the 
size and extent of large delamination.

4.2 � Passive IRT

Figure 11 presents the bridge deck images captured using 
visible and thermal imagers. In Fig. 11a, a three-color tarp 
was set up to explore the impact of color variation on tem-
perature changes in the thermal image. Correspondingly, 
Fig. 11b demonstrates that the darker areas in the RGB 
image in Fig. 11a exhibit a warmer color in the thermal 
image. This occurs because the dark surfaces absorb more 
solar energy, which is then converted into heat and detected 
by the thermal imager. Similar to the delamination area, the 
accidental oil stains (highlighted in an ellipse in the lower 
right corner) on the right side of S4 during transportation 

Fig. 8   Typical temperature distributions at different times in the cooling phase around delamination: a A –D, and b E–F
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from indoor to outdoor also exhibit a warmer color. Addi-
tionally, higher temperatures are observed in the areas near 
the gaps between S2 and S3 and between S3 and S4 (high-
lighted in the other two ellipses).

To mitigate these effects, data fusion utilizing both RGB 
and thermal images is necessary. Upon closer examination, 
it is evident that the large delamination area (highlighted by a 
large solid square) can be distinguished from the sound area, 
as it appears in a warmer color. However, small delamination 
areas (highlighted by small dashed squares) cannot be easily 
differentiated due to the relatively lower temperature difference 
between the delamination and sound areas. These observations 
agree well with those found by Vaghefi [42], which signifies 
the importance of data fusion and careful analysis of visible 
and thermal images to accurately detect and distinguish vari-
ous types of delamination on bridge decks.

5 � Discussion

The experimental results obtained from the active and 
passive IRTs are based to further discuss three important 
subjects. These subjects are the effects of delamination 
thickness, depth, and size; comparison of temperature dis-
tribution; and comparison of delamination size detection.

5.1 � Effects of delamination thickness, depth, 
and size

Figure  12 and Fig.  13 present the statistical results of 
thermal contrasts for small and large delamination during 
the cooling phase. In Fig. 12a, for delamination A with a 
styrofoam thickness of 5 mm, ΔT initially increased and 
then decreased with cooling time. However, the mean ΔT 
kept increasing with cooling time for delamination B and 
C, which have a smaller styrofoam thickness of 3 mm and 
1 mm, respectively. For the smallest delamination denoted as 
D, the mean ΔT remains almost constant. Figure 12b shows 
that the coefficient of variation (CV) of thermal contrasts 
decreased with the delamination thickness and the cooling 
time for delamination A, B, and C. The CV for delamina-
tion D is almost constant. As shown in Fig. 13a, the varying 
trend of the thermal contrast is similar for cases with the 
same concrete cover thickness, but the initial temperature 
is higher for thicker delamination. For delamination with 
150 mm length and 25 mm depth as the critical parameters 
defined by AASHTO when their thickness ranges from 1 
to 5 mm, the average temperature difference is more than 
2 ℃, which is significantly larger than the effective detection 
temperature band that is 0.2–0.4 ℃ reported in the literature 
[26, 43]. In addition, the detection rate and quantification of 
the delamination with 150 mm length can be significantly 

Fig. 9   Typical temperature evolutions over time in the cooling phase along the centerlines (both x and y directions) of small delamination: a 
A –D, and b A’–D’
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Fig. 10   Typical temperature evolutions over time in the cooling phase along the centerlines (both x and y directions) of small delamination: a 
E–F, and b E’–F’

Fig. 11   Data collection through a drone: a RGB; and b thermal image
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improved, with the help of advanced thermal image process-
ing method, such as attention-based generative adversarial 
network with internal damage segmentation [44].

For delamination E and F, embedded at 25 mm depth, 
the mean time to reach the maximum ΔT is approximately 
13 min for both 5 mm and 3 mm foams. However, for delam-
ination E’ and F’, which are 38 mm deep into the concrete, 
the mean time at maximum ΔT increased to approximately 
20 min for both 5 mm and 3 mm foams. Figure 13b illus-
trates the CV of the thermal contrast for large delamination 
in all four RC slabs during the cooling stage. The CV for 

all cases decreases with the increase in cooling time. The 
thicker the embedded depth and the thinner the delamina-
tion thickness, the higher the CV. This indicates that it is 
more accurate to detect shallower and thicker delamination 
defects.

Overall, the mean thermal contrasts increase with the 
delamination thickness and size but decrease with the 
embedded depth, based on the test results using the active 
IRT method. These results are consistent with numerical 
findings obtained by Hiasa et al. [26] and Maierhofer et al. 
[45]. The CV of thermal contrasts decreases with time or 
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remains nearly constant over time. Additionally, the CV is 
higher when the thermal contrast is higher, which can be 
attributed to the heterogeneity of concrete and the varia-
tion of ambient temperature. These findings provide valu-
able insights into the thermal response of delamination 
during the cooling phase and can aid in effective detection 
and analysis using passive IRT.

5.2 � Comparison of temperature distribution

Figure 14 compares the temperature distributions obtained 
from active calibration tests and UAV-based passive IR sens-
ing. As expected, the temperature of the delamination area 
is higher in both active and passive sensing results. How-
ever, for the active IR method, as shown in Fig. 14a, the test 
results for all four slabs consistently show that the tempera-
ture of the delamination area increases with the delamina-
tion thickness. For the passive IR method, as presented in 
Fig. 14b, this rule is not always followed. For example, S-1 
and S-3 exhibit an opposite trend, which might be influ-
enced by factors such as wind effects or the relatively small 
amplitude of ΔT in passive sensing. For S-3, the delamina-
tion of foams with spacings of 3.8 mm and 2.5 mm can be 
distinguished by both active and passive IRTs. However, this 
phenomenon is not observed in the other specimens, possi-
bly due to the heterogeneity of the concrete. These findings 
suggest that, while both active and passive IR sensing meth-
ods can detect delamination, they may respond differently 

to various factors and concrete heterogeneity. Careful analy-
sis and data fusion between the two methods are required 
to ensure accurate and reliable delamination detection on 
bridge decks using UAV-based passive IR sensing. There-
fore, the UAV-based passive IRT method can be combined 
with the active IRT method to derive at satisfactory solu-
tions in real-world bridge inspection. In this case, the first 
step is to localize the delamination area from the passive 
IRT method. The second step is to determine the depth and 
thickness of the delamination using the active IRT method.

5.3 � Comparison of delamination size detection

To further evaluate the performance of UAV-based passive 
IR methods, the temperature gradient amplitude obtained 
from the gradient method, as presented in Eqs. (6) and (7), 
was adopted. Figure 15a illustrates that most of the small 
delamination can be distinguished from the sound areas 
using the active IR method with a pixel density of 3.66 
pixel/cm (9.29 pixel/inch). However, one small delamina-
tion denoted as C in S4 cannot be found in the image, likely 
due to an unexpected placement during concrete casting.

The boundary of the strip heater covered area can also be 
distinguished, owing to the temperature difference between 
the inside and outside of the area covered by the strip heater. 
On the other hand, Fig. 15b shows the temperature gradient 
amplitude image of the RC deck obtained from the passive 

Fig. 14   Temperature distribution along the centerlines of large delamination E– F in x and y directions at 10 min, obtained by: a Active, and b 
passive IRT
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IR method with a pixel density of 0.63 pixel/cm (1.6 pixel/
inch). In this image, the small delamination C in S4 can-
not be found. The small delamination D in S1 ~ S3, while 
detectable using the active IR method, cannot be detected 
either using the passive IR method. This might be due to the 
combined effects of the lower pixel density of the passive IR 
method and the non-uniform color distribution of concrete 
deck surfaces induced by the ambient temperature.

These observations highlight the differences in delami-
nation detection capabilities between the active and pas-
sive IR methods and emphasize the importance of careful 
consideration when selecting the appropriate method based 
on the specific inspection requirements and environmental 
conditions.

Figure 16 demonstrates the detection of large delami-
nation located close to the top concrete surface using both 
active and passive IR methods. In Fig. 16a, the thicker foam 

shows a clearer boundary using the active IRT method, 
indicating a higher temperature in the area enclosed by the 
boundary. This suggests that the active method provides 
better resolution and higher thermal contrast for detecting 
large delamination on the bridge slabs. Figure 16b presents 
the gradient amplitude of large delamination detected by 
the passive IRT method. The outline of the large delamina-
tion defects can be seen with lower resolution in compari-
son with the active IRT method. This lower resolution can 
be attributed to the lower thermal contrast and the longer 
distance between the camera and the bridge decks in the 
passive method. Overall, both active and passive IR meth-
ods can detect large delamination near the top concrete sur-
face. However, the active method provides higher resolu-
tion and better detection sensitivity due to the direct heating 
of the RC slabs. The passive IR method is influenced by 

Fig. 15   Temperature gradient amplitude images for the detection of small delamination A–D in S1–4 using a active, and b passive IRT
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environmental factors and may exhibit lower resolution and 
thermal contrast.

Table 5 presents the measurement results of the deterio-
rated area and a comparison between the active and pas-
sive methods for delamination detection. It is evident that 
the passive method is not as precise as the active method, 

but the measurement errors and standard deviations (SD) 
are acceptable. For small delamination with an area of 
232 cm2 (1/4 ft2), the mean monitoring error ranges from 
10.4% to 15.2% for active IRT, and from 14.7% to 27.8% 
for passive IRT. Similarly, for large delamination with an 

Fig. 16   Temperature gradient amplitude images for the detection of large delamination E–F in S1–4 using a active, and b passive IRT

Table 5   Comparison of 
delamination detection results 
between active and passive IR 
methods

SD standard deviation

Method Value Small delamination Large delamina-
tion

A B C D E F

Damaged area (cm2) Active Mean 201.5 200.4 197.0 195.9 932.4 910.2
SD 9.5 10.2 18.8 14.5 7.2 15.3

Passive Mean 197.1 185.2 166.7 N/A 996.2 998.6
SD 29.1 36.2 27.5 N/A 34.9 28.7

Error (%) Active Mean 12.8 13.3 14.4 15.2 0.2 2.2
SD 4.1 4.4 8.1 6.3 0.8 1.6

Passive Mean 14.7 19.8 27.8 N/A 7.1 7.3
SD 12.6 15.6 11.9 N/A 3.8 3.1
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area of 930 cm2 (1 ft2), the mean measurement errors for 
detecting delamination E and F are, respectively, 0.2% 
and 2.2% using the active IR method, and 7.3% and 7.1% 
using the passive IR method. The maximum errors of SD 
for small and large delamination defects are 15.6% and 
3.8% for the passive IR method, and 8.1% and 1.6% for 
the active IR method. With an increase in delamination 
thickness, the mean error also increases for both small and 
large delamination defects.

6 � Conclusions

This study investigated the effectiveness of UAV-based 
passive infrared thermography (IRT) for timely detec-
tion of small and large delamination in a RC bridge 
deck by comparing the IRT results with those obtained 
from controllable indoor active IRT calibration tests of 
the corresponding four RC slabs. Different delamination 
thicknesses, sizes, spacings, and embedded depths were 
considered to facilitate statistical analysis. Thermal con-
trast and gradient amplitude of collected thermal images 
were employed to assess the reliability of delamination 
detection. Based on the experimental results and exten-
sive statistical analyses, the following conclusions can be 
drawn:

1.	 Based on the active IRT results, the mean thermal con-
trast of the four RC slabs increased with the delamina-
tion thickness and size but decreased with the delamina-
tion depth. These findings confirm the numerical studies 
by Hiasa et al. [22] and Maierhofer et al. [38]. The CV 
of ΔT decreased with cooling time or remained nearly 
constant over time. The CV is higher when the ΔT is 
larger.

2.	 In the active IRT, the temperatures of the delamination 
area were consistently higher than those in the sound 
area, both increasing with the delamination thickness. 
In the passive IRT, this relationship was not always 
observed. Nevertheless, both the active and passive IRT 
methods successfully localized delamination and identi-
fied an equivalent thicknesses of as low as 1.63 mm and 
a size (250 mm in length or 25 mm in depth) classified 
as ‘fair’ according to the AASHTO Manual for Bridge 
Element Inspection.

3.	 The mean monitoring error of the gradient-based edge 
detection method to quantify the AASHTO-specified 
‘fair’ delamination state increased with the decrease of 
both delamination thickness and size. The monitoring 
error of the UAV-based passive IRT method ranged from 
14.7% to 27.8%, corresponding to a delamination thick-
ness from 5.63 mm to 1.63 mm. However, for the active 
IRT method, the error ranged from 12.8% to 15.2% 

when the equivalent thickness decreased from 5.63 to 
0.63 mm. The maximum errors in standard deviation for 
small and large delamination detections were 15.6% and 
3.8% from the passive IRT method, and 8.1% and 1.6% 
from the active IRT method.

4.	 It is recommended that the UAV-based passive IRT 
method is combined with the active IRT method to 
establish a two-step delamination detection procedure 
in practice: rapid screening and refined assessment. 
The two-step delamination monitoring strategy has an 
acceptable accuracy for the evaluation of engineering 
parameters within application ranges as defined in the 
AASHTO Manuals of Bridge Element Inspection.
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