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Abstract: In bridge structures worldwide, carbon fiber-reinforced polymer (CFRP) sheets are applied
to strengthen weak components, especially concrete girders that are at a high risk of rapid degradation
during the bridge’s operation owing to impacts from the superstructure’s weight and traffic loads.
Regarding the thermography-based method (TM), although deteriorations in the concrete core are
some of the main defects in concrete structures strengthened with CFRP, these do not receive as
much attention as damage in the CFRP. Therefore, the interpretation of the structural health in
terms of these defects using TM is still unclear. The problem presented in this work addresses the
quantification of delamination inside the concrete part of a specimen with a CFRP sheet installed on
the surface (assumed to be the girder surface strengthened with CFRP) via step heating thermography.
Additionally, the empirical thermal diffusivity of concrete girders strengthened with a CFRP sheet (CSC
girder), has not been provided previously, is proposed in the present study to predict delamination
depths used for field investigations. Moreover, the effect of the CFRP sheet installed on the structure’s
surface on the absolute contrast of delamination is clarified. Finally, advanced post-processing
algorithms, i.e., thermal signal reconstruction and pulsed phase thermography, are applied to images
obtained with step heating thermography to enhance the visibility of delamination in CSC girders.

Keywords: concrete strengthened with CFRP (CSC); concrete without CFRP (CWC); concrete girder;
bridge; delamination; step heating thermography; infrared thermography; non-destructive testing

1. Introduction

The aging of structural components is one of the most critical factors leading to the deterioration
of concrete bridges [1]. In Korea, the proportion of bridges over 30 years old was 30.9% in 2015 and
this value will increase to 70.2% by 2025 [2]. In the United States, 72% and 38% of bridges listed in
the National Bridge Inventory were over 25 and 50 years old in 2015, respectively [3]. In Japan, 18%
of bridges were over 50 years old by 2013 and this number will increase to 43% in 2023 and 67% in
2033 [3]. Therefore, extending the lifetimes of bridges is a crucial task.

Defects in the concrete structures in the forms of cracks, delamination, and spalls are unavoidable
and mainly caused by rebar corrosion [4,5]. The worldwide cost for the maintenance and repair of
concrete structures affected by the corrosion amounts to millions of dollars each year, as reported by
Zhang et al., in 2019 [6]. In bridges, the girder supports the entire weights of the superstructure and
traffic loads. Thus, the abovementioned defects can occur frequently in concrete girders, especially in
bridges located near the sea or in areas at a high risk of chloride, moisture, and oxygen penetration [7].

Many methods have been applied in recent times to strengthen the weak components of bridges
with the purpose of meeting the traffic demand [8,9]. Of these methods, carbon fiber-reinforced polymer
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(CFRP) has become an efficient and economical technique for strengthening concrete girders [9,10].
However, deteriorations will inevitably develop at the core of the concrete part of girders strengthened
with CFRP during the bridge’s operation. The normal stresses developed in a bonded CFRP layer can
cause delamination, as stated in ACI 440.2R-02 [11]. In addition, this is also because the development of
the rebar corrosion in girders caused by chloride, moisture, and oxygen penetration cannot be entirely
avoided. Furthermore, although potential defects in the girder must be repaired before CFRP sheets
are installed, damage can also develop owing to a weak connection between the old and new parts in
the mended regions. Moreover, defects might form in the concrete part without CFRP and then spread
to the area strengthened with CFRP. Undetected defects can exist in the girder prior to the preparation
process for applying the CFRP. In concrete strengthened with one CFRP layer, defects can form both in
the concrete and CFRP parts as shown in Figure 1a [12].

Among the defects inside the concrete part, delamination that mainly develop within the concrete
cover above the rebars are usually invisible under visual inspection even after the CFRP sheets are
removed. Such delamination can lead to potential spalls as described in Figure 1a [12,13]. Therefore,
this kind of defect needs to be detected as quickly and accurately as possible before it causes any
serious damage to the concrete girder. Figure 1b illustrates an example of a concrete T-shaped girder (a
common type in concrete bridges) with delamination in the core of the concrete areas strengthened
with CFRP and those without CFRP.
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Non-destructive testing (NDT) methods have been utilized to accurately indicate internal defects
of the concrete structures [14]. Although a large number of developments have been created related to
NDT investigation up to the present, there is still no international standard NDT methods applied to
concrete bridges [15]. In terms of Standard for infrared thermography (IRT) methods to detect defects
in concrete bridges, one named ASTM D4788-03 “Standard Test Method for Detecting Delamination in
Bridge Decks Using Infrared Thermography” was published until now [16]. However, this standard
gives requirements for only the passive approach (the sunlight is used as the heat source) to detect
delamination of the concrete bridge deck. There seems to be no standard for active IRT (artificial heat
sources are employed) so far. Thus, the study of the applicability of this method to detect defects not
focused in previous works in components of bridge structures (e.g., concrete girders strengthened with
CFRP) is necessary.

Pulsed thermography (PT) and step heating thermography (SHT) or so-called long pulse
thermography are two popular methods in active IRT [17,18]. From a mathematical point of view, the
thermal signal contains exactly the same information in PT and SHT. The difference between the two
methods above is that a short thermal stimulation from a few milliseconds to a few seconds is provided
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in PT whereas the heating time is from a few minutes to hours in the SHT method [18]. Therefore, PT is
usually used for the material with a high thermal conductivity like metal and CFRP or shallow defects
while SHT is interested in the case of a small thermal conductivity, e.g., concrete or deep defects. The
halogen lamp is one of the most effective external heat sources alongside others such as the infrared
heater and flash lamp used in aforementioned methods. Generally, the structure surface is heated by
the external heat source and the surface temperature of structure is recorded during heating and/or
cooling time (after the heat source is turned off) in both PT and SHT methods. However, in PT and
SHT methods, the cooling time is more important in comparison with heating time to extract the defect
information. Up to the present, the SHT has been proven as an effective NDT method to identify not
only delamination but also voids in concrete structures without CFRP (CWC structures) [19,20].

For concrete structures strengthened with CFRP (CSC structures) focused in this study, PT is an
efficient method utilized to detect accurately defects in the CFRP part or surface defect of the concrete
part. Tashan et al. in 2014 [12] conducted tests on four CSC specimens using PT method with the
heat source as halogen lamps. Three types of deteriorations in the CSC structure including unbonded
defects, debonding defects, and delamination within the CFRP part were investigated. The authors
concluded that a lengthened pulse could produce a greater contrast between the area above a defect and
its surroundings. Furthermore, they recommended that the input heat flux and pulse length should be
higher than 500 W/m2 and 1 s, respectively. In addition, the maximum thermal signal decreases under
an increase in defect depth. Moreover, in 2014, Tashan et al. [21] focused on the defect detection in
the concrete substrate part of a CSC beam, i.e., cracks employing PT method with the heat excitation
of halogen lamps. This work demonstrated that the PT method can accurately identify the location
and size of major cracks (of up to 0.8 mm in size). The best crack detection was obtained with a 5-s
pulse length. Additionally, the SHT was applied to identify defects in concrete structures strengthened
with two CFRP layers by using two red-ray heaters as the heating source in the work conducted by
Gu et al. in 2020 [22]. Four specimens were made in which the CFRP (two layers with the density of
200 g/m2) and cover mortar (one layer with 10 mm of thickness) were designed above the concrete
specimen. Different square artificial defects with the size ranging from 5 to 20 mm were implanted on
the concrete surface and at the interface between the CFRP and cover mortar. The locations and shape
of defects are accurately detected and determined, respectively, by using the proposed experimental
setup. In addition, the influence of defect size and depth, the water inside defect and cover mortar
were indicated in this study. Otherwise, an unusual heat source, i.e., a hot pack with a nearly constant
surface temperature of 40 ◦C, was utilized for the IRT test in the study [23] in which artificial defects at
the interface of CFRP and concrete beam surface were the targets. The accuracy of the expected size
of defects in this work was about 88%. Focusing only on the CFRP structure, in 2016, Liu et al. [24]
carried out a test on a CFRP specimen that was composed of eight CFRP plies with the same thickness
of 0.42 mm. The results indicated that shallow defects (depth ≤ 2.11 mm) at the interfaces of CFRP
plies can be detected using the PT method with the heat excitation of two halogen lamps. Furthermore,
active IRTs were also applied in the defect detection in CSC structures in many recent studies such as
Shardakov et al. in 2016, Shi et al. in 2019, Wu et al. in 2019, and Lai et al. in 2020 [25–28].

Although the active IRT methods, i.e., PT and SHT, have been utilized worldwide to identify
defects in CSC structures not exposed directly to sunlight, previous investigations usually focused
on defects in the CFRP part or on the concrete surface, while defects at the core of the concrete part,
e.g., delamination, received much less attention. Additionally, CFRP is a technique applied commonly
to strengthen the concrete girders that are important but vulnerable parts of bridges. Therefore,
the capability of NDT methods such as SHT in the quantitative detection of damages inside the
concrete part of CSC girders is an unclear issue that needs to be studied further. Because, this study
focuses on delamination located up to 8 cm from the concrete surface (material with a small thermal
conductivity) of CSC structures, SHT method is employed as the detection method. Meanwhile, the
thermal diffusivity of CSC girders used in the prediction of delamination depths in the SHT method
has not been proposed in previous studies; therefore, this factor is experimentally determined in this
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work. Furthermore, an examination of effects of the CFRP sheet installed on the concrete surface on
contrast values of delamination is conducted. Moreover, every pixel of the thermal image sequence
obtained with SHT method is post-processed using two advanced algorithms involving thermal
signal reconstruction and pulsed phase thermography to enhance the accuracy of the detection of
delamination in CSC girders. A clarification of the aforementioned issues can contribute to improving
the effectiveness of field investigations of concrete bridges.

2. Methods

The STH method is considered as time-resolved infrared radiometry [18]. The terms of
time-resolved indicates that the temperature is monitored during both heating and cooling time. In
addition, methods employing pulsed heating could also be taken into consideration as time-resolved [18].
Thus, the theory of pulsed heating response is presented in Section 2.1. Under the pulsed heating, the
thermographic data provides some information about the presence of defects because of the surface
temperature difference between areas above delamination and its surrounding.

Nowadays, many processing algorithms have been applied to improve the quality of the results
from the IRT method. These algorithms include simple methods such as contrast, pseudo-color
images, histogram equalization and image filters, and other advanced methods, like pulsed phase
thermography, thermal signal reconstruction, principal component thermography, slope and R2 and
dynamic thermal tomography [29,30]. In the present study, a simple algorithm, i.e., absolute contrast
and two advanced algorithms, i.e., pulsed phase thermography and thermal signal reconstruction are
applied to process the data from the SHT method. In addition, the definition of signal-to-noise criterion
is also given that is used in conjunction with the absolute contrast value to assess the defect detection
in this work. The definition of these algorithms is presented in Section 2.2, Section 2.3, and Section 2.4.

2.1. Pulsed Heating Response

The surface temperature of a semi-infinite homogeneous and isotropic solid under pulse heating
with the magnitude of I0 (J/m2) can be determined using Equation (1) [18,31–33]:

Tnde = T0 +
I0

e× (π× t)
1
2

(1)

where Tnde is the surface temperature at time instant t, T0 is the initial surface temperature, e
(Ws1/2m−2K−1) is the thermal effusivity, and α (m2/s) is the thermal diffusivity.

If a defect such as a delamination develops inside the structure at the depth of zd, the structure’s
surface temperature above this defect can be determined by Equation (2) [31]:

Tde = T0 +
I0

e× (π× t)
1
2

×

1 + 2
∞∑

n = 1

Rn
× exp(−

(n×zd)
2

α×t )

 (2)

where R is the effective thermal reflection coefficient of the interface between the structure material
and air and is close to 1 [31]. n is the mathematical form of the pulse reflections from the interface
between the air inside the defect and structural material. The surface temperature above a defect is
higher than that of its surroundings, as shown in Equation (3). Thus, the defect can be observed on
thermal images captured by IR detectors.

∆T(t) = Tde − Tnde =
I0

e(π× t)
1
2

× 2
∞∑

n = 1

Rn
× exp(−

(n×zd)
2

α×t ) (3)

It should be noted that the theory mentioned above is based on ideal assumptions. The heat
transfer and surface temperature response, in reality, are very complicated, especially in the case of
CWC (highly heterogeneous material) and CSC (a combination of several materials). In this research,
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the surface temperature response of CWC and CSC structures captured by an IR detector is not
theoretically considered in the form of mathematic but is experimentally studied in the laboratory.

2.2. Thermal Contrast and Signal-to-Noise Computation

In active IRT, four traditional contrast definitions, including absolute, running, normalized, and
standard contrasts, are commonly employed to quantitatively evaluate the defect detection on thermal
images [12–14,18,34–40]. In addition, another contrast method called differential absolute contrast
(DAC) was proposed and applied successfully to investigate the structural health [41,42]. In the DAC
method, the manual selection of a non-defected area is not necessary.

Among the methods described above, the running and normalized contrasts are applied to reduce
the disadvantages of the absolute and standard contrasts in which the effects of a non-uniform surface
and emissivity can be reduced [18,36,43–45]. The drawback of the normalized contrast is that the time
instant of maximum excess temperature must be determined first [18]. Furthermore, the dependence
of the absorbed energy is not significant in the running contrast [18]. However, determining the effect
of the heating time in relation to the energy absorbed by the specimen is also a main task in this study.
Additionally, proper selection of the time at which the first defect becomes visible is the main challenge
in the DAC method. Thus, for simplicity, the absolute contrast method is employed for analyzing the
data and to consider the defect detection. In the absolute contrast method, the thermal contrast and
observation time, which are two major indicators used to discover defects and predict their depths, can
be obtained. The absolute contrast (Cab(t) or ∆T(t)) determined using Equation (4) was also efficiently
applied in the IRT method to analyze the thermal images in previous works [21,46–48]:

Cab(t) = ∆T(t) = Tde(t) − Tnde(t) (4)

where Tde(t) and Tnde(t) are the surface temperatures above the delaminated and non-delaminated areas
at time instant t, respectively. The selection of areas used to calculate Tde(t) and Tnde(t) is discussed in
Section 4.1.

Previously, signal-to-noise ratio criterion shown in Equations (5) and (6) is frequently used to
indicate the contrast goodness of delaminations on the thermal images [14,49]. Therefore, the SNR
is chosen to evaluate the defect detection in conjunction with the absolute contrast value as well as
appraise the efficiency of pulsed phase thermography and thermal signal reconstruction in this study.
It should be noted that the greater is the SNR, the more clearly is the defect identified.

SNR = 20× log10

(
|S−N|
σnoise

)
, (5)

σnoise =

√√√
1

n− 1
×

n∑
i = 1

(
xi − xaverage

)2

(6)

where S and N are the average surface temperatures above a defect and its surroundings, and σnoise is
the standard deviation of the surface temperature around the delamination. The selection of areas
used to calculate S, N, and σnoise is shown in Section 4.1

2.3. Post-Processing Technique: Thermal Signal Reconstruction

The temperature change on the surface of a structure after heating at a time instant t can be shown
as per Equation (7), which is based on Equation (1) [32,50]. A double logarithmic scale of Equation (7)
is considered and Equation (8) is obtained.

∆T(t) = Tnde − T0 =
I0

e(π× t)
1
2

(7)
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ln∆T(t) = ln
(

I0

e
√
π

)
−

1
2
× lnt (8)

As indicated in Equation (8), the logarithmic line of the temperature change has a slope of 0.5.
However, the experimental curve usually varies depending on many factors such as the technical
specifications of the IR camera, reflection of artifacts, and convection phenomena. Therefore, thermal
signal reconstruction (TSR) is frequently employed to overcome these problems [30,32,50]. In TSR, the
correlation between ln∆T(t) and lnt is approximated by a polynomial line with a degree of n, as given
in Equation (9):

ln(∆T(t)) =
n∑

i = 0

(
ai × (lnt)i

)
(9)

where coefficients ai are determined using the least squares regression. In previous studies, the degree
n was usually selected as 4 or 5, which is an optimal choice to obtain the best noise reduction and
data fitting [30,32]. Hence, a sequence of thermal images is replaced with n + 1 images of coefficients.
Typically, the first and second derivatives of Equation (9) are used directly to reduce the noise of the
raw data. In the present study, the TSR method is applied to the thermographic sequence after lamp
heating (during the cooling time) with the degree n equal to 5.

2.4. Post-Processing Technique: Pulsed Phase Thermography

Pulsed phase thermography (PPT), a process in which the temperature is transformed from a
time domain to a frequency domain, is widely utilized to qualify defects in structures [51]. PPT
combines the advantages of PT’s rapid inspection and lock-in thermography’s extraction of phase
delay information [52]. The fast Fourier transform can be used as the transform method in PPT and
applied to each pixel using Equation (10) [30,52]:

Fn = ∆t×
N−1∑
k = 0

T × (k× ∆t) × exp(
− j2πnk

N ) = Ren + jImn (10)

where ∆t is the sampling interval, N is the total number of thermal images, and n is the frequency
increment. The initial results of the transformation are Ren and Imn, corresponding to the real and
imaginary parts. Finally, the amplitude (An) and phase (ϕn) images are obtained using Equations (11)
and (12) for every pixel that can reduce the temporal noise of the raw data [30,52].

An =

√
(Ren)

2 + (Imn)
2 (11)

ϕn = arctan
(Ren

Imn

)
(12)

3. Experimental Procedure

3.1. Specimen Implementation

One concrete specimen with a design compression strength of 30 MPa was cast. At the core of
the specimen, eight squared artificial delaminations with the same size of 10 cm × 10 cm × 1 cm were
implemented, as shown in Figure 2a. The artificial delaminations were located at depths of 1, 2, 3, and
4 cm from the back-face and 5, 6, 7, and 8 cm from the front-face. These delaminations were made
by polystyrene with the thermal conductivity about k = 0.027 W/m◦C that is similar compared to
the air k = 0.024 W/m◦C [48,53]. In addition, artificial defects were attached on the surface of stone
pieces (made from the concrete with the same mixture ratio compared to the specimen), then stone
pieces were glued on the bottom wooden plate of formwork. Thus, delaminations with exact depths as
designed are created. Therefore, the specimen and artificial delaminations are expected to have similar
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response under heat transfer in comparison with real concrete bridge deck structures. Figure 2b,c
depict the formwork in the specimen fabrication process and the CFRP installation, respectively.Sensors 2020, 20, x FOR PEER REVIEW 7 of 20 
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arrangement of embedded delaminations; (b) formwork of specimen; (c) CFRP sheet installed on the
back-face of specimen.

Actually, the selection of the CFRP system to strengthen concrete structures depends on many
factors such as CFRP properties, the structure condition and purpose of strengthening [11]. In this
study, the system with a single CFRP layer was selected with the assumption that it was installed
perfectly on the structure surface. To prepare the specimen, a one-direction CFRP sheet with a thickness
of 0.167 mm was installed at the upper part of the specimen, as shown by the red dashed rectangle
in Figure 2a, which represents the surface of the CSC girder. The lower part within the blue dashed
rectangle in Figure 2a stands for the surface of the CWC girder. In each column (C1, C2, C3, and C4 in
Figure 2a), there were two delaminations (one in the CSC part and one in the CWC part) with the same
parameters, i.e., size, depth, and thickness, which allows for consideration of the CFRP effect on the
detection of delaminations at the core of concrete. The characteristics of artificial delaminations are
listed in Table 1.

Table 1. Characteristics of delaminations.

Defect Depth
(cm)

Testing
Face Structure Defect Depth

(cm)
Testing

Face Structure

BD1-CF 1.0 Back CWC FD1-CF 8.0 Front CWC
BD1-Co 1.0 Back CSC FD1-Co 8.0 Front CSC
BD2-CF 2.0 Back CWC FD2-CF 7.0 Front CWC
BD2-Co 2.0 Back CSC FD2-Co 7.0 Front CSC
BD3-CF 3.0 Back CWC FD3-CF 6.0 Front CWC
BD3-Co 3.0 Back CSC FD3-Co 6.0 Front CSC
BD4-CF 4.0 Back CWC FD4-CF 5.0 Front CWC
BD4-Co 4.0 Back CSC FD4-Co 5.0 Front CSC

The CFRP sheet was installed as per the six following steps. First, the concrete specimen surface
was carefully cleaned using a handheld grinding machine. Then, the primer epoxy coat was applied on
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the concrete surface. Thereafter, the main epoxy coat was enforced on the primer layer. Following this,
the pre-cut CFRP sheet was installed by hand, and a regular paint roller was used to press the fabric on
the concrete surface. Finally, an additional epoxy coat was applied to the installed CFRP sheet.

3.2. Experimental Work

In the present study, a series of experiments was conducted using the SHT method. First, the
CFRP sheet was applied on the back-face and tests were conducted from this face. Thereafter, the
CFRP on the back-face was removed, the other CFRP sheet was installed on the opposite face, and
remaining tests were conducted from the front-face.

The specimen surface was heated using an artificial heat source with a total energy of 2000 W,
provided by a set of four halogen lamps (500 W per lamp). It should be noted that the halogen lamp
is a commonly used heat source in the SHT method. A steel frame was employed to fix the halogen
lamps 1.2 m from the specimen surface. The arrangement of the equipment is shown in Figure 3.
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In fact, because of the physical restriction of lamps and low thermal conductivity of concrete, the
structure is usually required to be heated using a long heating time since the surface structure can
achieve the needed energy input to detect deep delaminations [54,55]. However, if the heating time is
too long, i.e., around one hour, the thermal contrast above a defect might degenerate [55]. The optimal
heating time can be evaluated under a certain depth and a known thermal diffusivity, but it is hard to
be in the know before the experiment is conducted [55]. In addition, the deeper the delamination the
longer the heating time needs to be provided. Therefore, in this paper, the different heating regimes
were provided for the back- and front-face tests because of dissimilar delamination depths from these
two faces (depths of 1, 2, 3, and 4 cm from front-face and depths of 5, 6, 7, and 8 cm from the back-face).
In particular, the specimen was heated uniformly in various heating regimes, i.e., 3, 5, 10, 15, and 20
min from the back-face and 5, 10, 15, 20, 25, 30, and 40 min from the front-face. Therefore, 36 cases in
total were considered in this study. To conduct the test in each case, the concrete specimen was heated
(heating duration), then it was cooled (cooling time after the halogen lamps were turned off) under the
environmental conditions in the laboratory. The surface temperature was recorded during not only the
heating time but also the cooling duration at a capturing frequency of 0.5 Hz using a long-wavelength
IR camera (FLIR SC660) with a thermal sensitivity of 0.03 ◦C [56]. The technical specifications of the IR
camera are described in detail in our previous studies [14,35,36].

The surface temperature of structure can be affected by several factors such as reflected temperature,
ambient conditions, non-uniform heating, subsurface defect, especially emissivity variation. The
emissivity shows the ability that the object surface can emit the energy by radiation related to a black
body that is an ideal surface with the emissivity of 1.0. The emissivity is a unitless quantity in which it
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is always less than unity for a real surface. In fact, the emissivity is not a constant that depends on the
surface condition, measurement angle, temperature as well as wavelengths. However, the emissivity
was usually fixed as a constant during the experiment in previous studies. In this work, for simplify,
the emissivity of concrete and CFRP are considered as 0.95 and 0.97, respectively, during all tests as
mentioned in previous studies [13,57–60].

4. Discussion of Results

4.1. Detection of Delamination

In this section, we examine the capability of detecting delaminations at the core of a concrete
structure strengthened by a single sheet of CFRP. A delamination is determined to be detectable or
undetectable based on both the qualitative assessment from the observation of thermal images and
quantitative assessment from the absolute contrast value in conjunction with signal-to-noise ratio
criterion. In terms of the quantitative assessment, a delamination is detected if the absolute contrast
(∆T) is equal to or higher than the noise equivalent temperature difference (NETD = 0.03 ◦C) of the IR
camera and the SNR is higher than zero, whereas it is not detected if ∆T is less than the NETD and/or a
negative SNR is obtained [29,61,62].

The absolute contrast and the SNR of delaminations are computed using Equation (4) and
Equations (5), respectively. As presented in Figure 4, the area of region of interest (ROI) covering the
defect (so-called delaminated area) is used to calculate Tde(t) and S while Tnde(t), N, and σnoise are taken
from of a ROI as a perimeter around the imitating deterioration (so-called non-delaminated area). In
the present study, eight delaminations have the same dimensions of 10 cm × 10 cm × 1 cm, both signal
and noise areas are thus selected with the same sizes for all defects. Delaminated and non-delaminated
areas are expressed corresponding to red and blue squares as shown in Figure 4.
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Figure 4. Selection of delaminated and non-delaminated areas.

Figure 5a,b illustrates the location of the delamination from the back- and front-faces, respectively.
Moreover, Figure 5c,d shows the thermal images taken during cooling corresponding to the case of the
15-min heating from the back-face and 25-min heating from the front-face. It can be observed from
these images that, except for delamination FD1-CF (depth = 8 cm), defects with depths equal to or
smaller than 7 cm were discovered under the observation of human eyes (qualitative assessment). It
should be noted that the depths are 1, 2, 3, and 4 cm from the back-face while delaminations are located
more deeply at 5, 6, 7, and 8 cm from the front-face (see Figure 2 and Table 1). As a result, in terms of
qualitative assessment, it is seen that delaminations are observed more clearly in Figure 5c than those
in Figure 5d even a longer heating time is provided for the back-face compared to the front-face due
to the effect of defect depths. Therefore, a statement can be given since deeper delaminations can be
observed less clearly than those at shallower depths.
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Figure 5. (a) Defects locations from back-face; (b) defects locations from front-face; (c) thermal image
after 10 min of cooling under 15-min heating from back-face; (d) thermal image after 40 min of cooling
under 25 min heating from front-face.

In this work, a thermal image was captured every 2 s. Therefore, the absolute contrast can be
analyzed in a time-sequence for each delamination, as shown in Figure 6. This can be used not only
for evaluating the delamination detection based on the absolute contrast but also for determining the
observation time (OBT). In Figure 6, a fifth-order polynomial function is used to fit the ∆T curves that
helps to reduce the noise. It can be seen that after turning off the lamps, ∆T increases and reaches a
peak before decreasing. The OBT is defined as the duration from the start of the cooling time to the
peak of the ∆T curve. The OBT is an important factor in the prediction of the depth of defects and is
discussed in detail in Section 4.3.
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Figure 6. Absolute contrast curves for delaminations with 20 min heating.

The maximum ∆T values of some delaminations in the CSC areas of the specimen are shown
in Figure 7. It can be seen that for the same heating time, a shallower defect can produce a higher
contrast on the image than a deeper one. For example, under 10-min heating, the maximum ∆Ts
of delaminations BD2-CF and BD3-CF are 0.86 and 0.52 ◦C, respectively. In addition, the longer is
the heating time, the higher is the maximum ∆T that can be obtained. For instance, the maximum
∆Ts are 0.02, 0.05, and 0.07 ◦C corresponding to 10 min, 20 min, and 30 min heating regimes for
delamination FD4-CF, respectively. Therefore, in terms of absolute contrast values, it can be concluded
that a delamination more deeply located is detected less clearly than a delamination closer to the
structure’s surface, and a longer heating regime can better indicate the occurrence of a delamination
compared to a shorter heating time.
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Figure 7. Maximum absolute contrast values of delaminations: (a) BD2-CF and BD3-CF; (b) FD4-CF
and FD2-CF.

In particular, almost every delamination could be detected from the back-face under 3 min and 5
min heating except delamination BD4-CF, at a depth of 4 cm, with maximum ∆Ts less than 0.03 ◦C.
With longer heating times (10, 15, and 20 min), all defects from the back-face (depth ≤ 4 cm) could
be detected clearly (maximum ∆Ts > 0.03 ◦C and SNR > 0 dB). In addition, delaminations FD4-CF
(Z = 5 cm), FD3-CF (Z = 6 cm), and FD2-CF (Z = 7 cm) become detectable when the structure is heated
for 15, 20, and 25 min, respectively (maximum ∆Ts > 0.03 ◦C and SNR > 0 dB). However, the deepest
delamination (FD1-CF) might not be identifiable on the thermal image even if the specimen is heated
for 40 min and a maximum ∆T of 0.033 ◦C but a negative SNR of −0.653 dB is obtained.

4.2. Effect of CFRP on Delamination Detection

Figure 8a shows the maximum ∆Ts of delaminations (BD3-CF in the CSC area and BD3-Co in the
CWC area) with the same parameters (listed in Table 1) under different heating times. Moreover, the
SNR is also provided following the absolute contrast value.
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thermal image after cooling for 20 min in case of 15 min heating.

With the identical experimental condition, a higher maximum ∆T was obtained regarding the
delaminations in the CSC structure compared to those in the CWC structure. For example, under 15-min
heating, the maximum ∆Ts were 0.51 (SNR = 6.02 dB) and 0.73 ◦C (SNR = 8.66 dB) corresponding to



Sensors 2020, 20, 3263 12 of 19

delaminations BD3-Co and BD3-CF, respectively. This phenomenon also can be observed clearly for
other defects as shown in Figure 8b. This implies that delaminations in the CSC structure appear more
distinctly on thermal images than those in the CWC structure. This might be explained in that the
CFRP surface can absorb more energy from lamps than the concrete surface (the emissivity of CFRP is
higher than concrete).

The difference in the maximum ∆T between delaminations in the CSC and CWC structures show
an increasing trend with an increase in heating time. For instance, the maximum ∆T differences are
0.16 (1.88 dB in SNR criterion) and 0.24 ◦C (2.41 dB in SNR criterion) corresponding to 10 and 20 min
heating, respectively.

4.3. Prediction of Delamination Depth

The depth of a delamination (Z) can be computed as the product of the nondimensional prefactor
(k), root mean square of the thermal diffusivity (α), and root mean square of the observation time (OBT)
as shown in Equation (13) [18].

Z = k
√

α×OBT (13)

From a practical viewpoint, the relationship between the squared depth of the delamination and
observation time is usually utilized as shown in Equation (14), where αe is considered as the empirical
thermal diffusivity.

Z2 = αe ×OBT (14)

It can be seen that the OBT is a valuable factor in predicting the delamination depth. The OBT is
estimated from ∆T curves as shown in Figure 6. Figure 9 depicts the OBTs of delaminations at depths
of 5, 6, 7, and 8 cm. It is stated that a longer heating time leads to a reduction in the OBT. For example,
the OBTs of delamination FD4-CF are 34.6 min and 27.3 min corresponding to 15 and 30 min heating
regimes, respectively. In addition, deeper delaminations take a longer time to reach a peak ∆T value.
For instance, in the case of 30 min heating, the OBTs of delaminations FD4-CF, FD3-CF, FD2-CF, and
FD1-CF are 27.4, 33.0, 43.9, and 53.8 min, respectively.
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Figure 9. Observation time of delaminations.

The relationship between the squares of known defect depths and mean values of OBTs in all
cases of heating times is plotted in Figure 10. A higher standard deviation can be achieved in the case
of a deeper delamination. The standard deviations range from 0.6 to 10.7 min when depths increase
from 1 to 8 cm. A regression line is used to fit the data, and the reliability of the data set is proved with
a high coefficient of determination (R2 = 0.981). Thereafter, the intercept is set to zero and the new
equation is determined as OBT = 0.9849 × Z2. Hence, the empirical thermal diffusivity coefficient can
be estimated to be 1.0153 cm2/min (αe = 1/0.9849). It is noted that the thermal diffusivity is about 3.7
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and 0.53 cm2/min corresponding to CFRP and concrete as mentioned in Maldague’s book [18]. The
thermal diffusivity proposed for concrete strengthened with one CFRP layer is higher than concrete
and lesser than CFRP.
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Figure 10. Relationship between the observation time under all cases of heating times and square of
delamination depth.

The relationship in Equation (14) and the proposed αe factor are used to predict the depth of
delaminations. The mean values of the predicted depths under all cases of heating times in this study
are shown in Figure 11. The blue solid line indicates the idealized line, while the black dashed line
(empirical line) is the linear regression line between the expected and real depths. The difference in the
slopes of the idealized and empirical lines is only approximately 2%. This proves that the obtained
thermal diffusivity coefficient can be used to predict delamination depths in the CSC girder having
similarities compared to the present study during field inspections. Because the data set of OBTs used
to forecast delamination depths in Figure 11 are the same as those employed to estimate the empirical
coefficient, the formula of the linear regression line therefore should be tested and confirmed further
with other case studies.
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Figure 12 shows the predicted depths of delaminations in the CSC structure under two different
heating times, i.e., 15 and 20 min since the accuracy of the entire predicted depths (depths from 1
to 8 cm) can be estimated. The root mean square error (RMSE) is used as an indicator to evaluate
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the accuracy of the forecasted depths. Particularly, the RMSEs are 0.650 and 0.545 corresponding to
the 15 min and 20 min heating cases, respectively. Because delaminations tested from the front-face
could not be detected with the heating time equal to or lesser than 10 min, under 3-min, 5-min, and
10-min heating the accuracy of forecasted depths can be only considered for delaminations from the
back-face (depths from 1 to 4 cm). It is found that the RMSEs are 0.69, 0.68, and 0.42 corresponding
3-min, 5-min, and 10-min heating. In addition, under the heating times of 25, 30, and 40 min, only
the depth of delaminations from the front-face (depth from 5 to 8 cm) can be evaluated with the
experimental data set in the present study. Namely, the RMSEs are 0.63, 0.64, and 0.50 corresponding
25, 30, and 40 min heating. Therefore, it can be stated that the longer is the heating time, the higher is
the achieved accuracy.
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4.4. Enhancement of Delamination Detection Using Post-Processing Algorithms

In the detection of defects based on thermography, such as with the SHT method, the accurate
selection of the delaminated and non-delaminated areas is critical so that the absolute contrast and
observation time can be determined correctly. In this study, the delaminated and non-delaminated
areas are pre-known; therefore, the region selection is not a difficult task. However, this problem
poses a challenge in the investigation of actual structures and potential defects need to be identified
as accurately as possible. Therefore, the application of individual image processing methods or their
combination should be conducted to avoid confusion or misdetection of defects.

In the present study, three post-processing algorithms are considered including absolute contrast
(ABC), pulsed phase thermography (PPT), and thermal signal reconstruction (TSR). ABC is a simple
method applied to analyze the data in previous sections. In this research, the results obtained on
applying the ABC method are considered as the standard indicators used to assess the efficiency of the
TSR and PPT methods. The theory of these algorithms is presented in detail in Section 2.

Figure 13 shows the thermal images obtained using the ABC (at 12 min in cooling time), PPT (at
the frequency of 0.38 × 10−3 Hz), and TSR methods (logarithm, first derivative and second derivative
images at 13, 8, and 12 min in the cooling time, respectively) for the data in the case of 10-min heating.
It should be noted that the logarithm depicted in Equation (8) and the first and second derivative data
from Equation (9) are utilized in the TSR method, whereas amplitude and phase data are used in the
PPT method. It is seen that the noise around the defects can be reduced significantly using the PPT
and TSR methods in some cases when compared to the ABC approach, especially for delaminations
BD2-CF and BD3-CF in the phase, first, and second derivative images. Therefore, several defects might
be observed with more certainty.
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The maximum SNRs obtained from different algorithms under 5, 10, and 15 min heating are
presented in Table 2. It is seen from Table 2 that the TSR and PPT algorithms can be applied to increase
the SNR (the goodness of contrast) of delamination in some cases as compared to the ABC approach.
For example, the maximum SNRs of delamination BD2-CF are 9.74 and 9.49 dB on applying the PPT
(phase data) and TSR methods (first derivative data), respectively, while it is only 4.98 dB on applying
the ABC method in the case of heating for 5 min. However, individual algorithms (TSR or PPT) cannot
increase the maximum SNR of all delaminations, which might not be expected. For instance, on using
TSR, the maximum SNR of delamination BD1-CF is not enhanced, yet better results are achieved
for defect BD2-CF (an increase in the SNR from 4.98 to 9.49 dB using first derivative data) and for
delamination BD3-CF (SNR enhanced from 1.90 to 4.61 dB using logarithmic data) in comparison
with the ABC method under 5-min heating. Furthermore, although PPT is applied, the SNR of defect
BD3-CF is decreased (3.46 and 1.82 dB corresponding to phase and amplitude data) compared to the
ABC method (5.08 dB) if 10-min heating is provided.

The maximum SNR and enhancement level (in percentage) obtained using a combination of the
PPT and TSR methods are listed in two last columns of Table 2. The combination means that the data
is firstly analyzed by individual methods, i.e., PPT and TSR, then, the best result of the processing
process are taken as the maximum value from an outcome combination of both two methods. It can be
observed that these two image processing methods can increase the SNR of all delaminations compared
to the ABC method in the case of 5 min heating, while half of the delaminations (BD1-CF and BD4-CF)
produce poorer outcomes in comparison with the ABC method under 10 and 15 min heating. It is
found that the effective detection of delaminations can be obtained even through simple methods such
as ABC. Therefore, it is recommended that several image processing methods be applied to analyze the
data, and the combination of their results be used to more accurately identify delaminations on the
thermal image. On using this combination, the confusion and misdetection phenomenon in the core of
the CSC structure might be reduced or avoided.

In addition, by comparison of the results from PPT (maximum SNR of amplitude and phase) and
TSR (maximum SNR of logarithm, first derivative and second derivative) as shown in Table 2, under
5-min heating, almost delaminations obtain the better contrast by using PPT than those using TSR.
However, when the heating time is expanded, i.e., 10 and 15 min, the PPT achieves a poor quality than
TSR. This can be explained that the PPT technique is an effective method to enhance the visibity of
defects in the IRT technique especially when the heating time is small.
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Table 2. Maximum SNR (dB) of defects using different algorithms under 5, 10, and 15 min heating
from back-face.

Defects ABC
Method

PPT Method TSR Method Combination of PPT and TSR Methods

Amplitude Phase Logarithm First
Derivative

Second
Derivative

Maximum
SNR

Increment Compared
to ABC (%)

5 min heating

BD1-CF 15.36 16.31 9.79 13.52 8.87 4.00 16.31 6.22
BD2-CF 4.98 2.01 9.74 6.83 9.49 6.11 9.74 95.42
BD3-CF 1.90 1.61 1.17 4.61 0.19 −1.87 4.61 142.60
BD4-CF −6.01 −10.75 −4.07 −11.07 −6.00 −10.80 −4.07 32.23

10 min heating

BD1-CF 18.19 16.56 10.23 16.56 15.15 12.62 16.56 −8.95
BD2-CF 10.54 5.14 13.91 10.87 14.06 10.68 14.06 33.39
BD3-CF 5.08 1.82 3.46 5.89 4.58 2.85 5.89 16.11
BD4-CF 2.36 0.80 0.96 0.21 1.58 −0.19 1.58 −33.18

15 min heating

BD1-CF 20.37 18.77 10.96 18.78 13.55 15.06 18.78 −7.82
BD2-CF 12.10 6.79 13.32 11.43 16.02 13.11 16.02 32.39
BD3-CF 8.66 5.39 0.67 9.26 5.82 5.71 9.26 7.01
BD4-CF 4.80 1.76 3.68 2.89 4.37 1.72 4.37 −9.01

5. Conclusions

In the present study, an effort was made to detect delaminations at the core of a specimen assumed
to be the surface of a concrete girder strengthened with one CFRP layer not exposed directly to the
sunlight using a thermography-based method, i.e., step heating thermography. From results provided
in this study, the following conclusions are given:

1. If a similar experiment setup is applied and heating times up to 40 min are provided,
delamination with a depth equal to or less than 7.0 cm in CSC girders can be accurately identified
using the step heating thermography method.

2. The absolute contrast above a delamination indicating its detectability increases significantly
under the effect of the CFRP material installed on the structure’s surface. Hence, if the tested area
covers both CSC and CWC regions, with the identical parameters, delamination in a CSC region can be
observed more definitively in comparison with those in areas without the strengthening.

3. On using the experimental approach, the empirical thermal diffusivity coefficient, which
has not been provided previously, is proposed (αe = 1.0153 cm2/min) in this study, as the depths of
delamination can be predicted with a high accuracy. Thus, it is recommended that this provided factor
be applied to the field evaluations of CSC girders having similarities with this study.

4. The effectiveness of post-processing algorithms including pulsed phase thermography and
thermal signal reconstruction are examined. The detection of delamination in the core of CSC girders
can be enhanced considerably in some cases by using a combination of results from two abovementioned
algorithms compared to the absolute contrast method. Moreover, when the heating time provided is
increased, the TSR becomes more effectively than the PPT algorithm.
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