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Abstract: This study is to inspect the voids between the concrete containment building and the
containment liner plate (CLP) in the light-water reactor type nuclear power plant with lock-in
thermography (LIT) inspection technology. For that, a finite element method (FEM) model containing
concrete voids was created, and the thermal distribution change of the CLP surface was simulated
through numerical analysis simulation of various LIT inspection conditions and converted with
real-time thermography data. For the simulated temperature distribution image and the amplitude
and phase images calculated by the four-point method, the signal-to-noise ratio (SNR) is analyzed
based on the sound area and void areas. As a result, the difference in SNR according to the size
of voids was remarkable, and the effective detectable period (EDP), which was common to each
inspection condition, was derived. Furthermore, a CLP concrete mockup identical to the model shape
is produced, and the thermal image of the EDP is analyzed through the experiment with the same
analysis technique, and the results are compared. Although there are some differences between the
numerical analysis conditions and the experimental environments, the deduction and utilization of
EDP through FEM simulation are considered useful approaches to applying LIT to inspect concrete
voids on the back of the CLP.

Keywords: concrete voids; lock-in thermography (LIT); non-destructive testing (NDT); numerical
simulation; effective detectable period (EDP)

1. Introduction

Non-destructive testing (NDT) is a method to check the state and soundness of equip-
ment and facilities without destroying or transforming them. This technology is designed
to prevent accidents in equipment and facilities and is performed according to various
requirements and standards for safety and reliability [1,2].

Thermography testing (TT) is one of the advanced NDT technologies that can quickly
and non-contactly inspect a large area. Recently, research on the development of flaw
detection techniques and devices to apply thermography to various industries and objects
has been actively conducted [3–13].

The concrete containment building of a light-water reactor-type nuclear power plant
includes several levels of containment structures. The concrete outer wall of the contain-
ment building and the inner containment liner plate (CLP) are both important containment
structures. CLP serves as a formwork for concrete casting when constructing a containment
building and as a pressure vessel to protect internal equipment and prevent leakage of ra-
dioactive materials during power plant operations and emergencies. When manufacturing
the CLP, various structures and additives are bonded to the inside and outside of the CLP.
Such a structure may cause mortar flow failure when constructing a containment building.

Appl. Sci. 2023, 13, 8247. https://doi.org/10.3390/app13148247 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13148247
https://doi.org/10.3390/app13148247
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-9547-3868
https://doi.org/10.3390/app13148247
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13148247?type=check_update&version=2


Appl. Sci. 2023, 13, 8247 2 of 18

The problem of multiple voids forming between the CLP and the outer wall of the concrete
was confirmed through a recent inspection report [14,15].

Unlike the painted surface, concrete voids cause corrosion on the back of the CLP and,
in an emergency, can cause a decrease in the strength of the CLP and concrete containment
building. Therefore, it is considered possible to secure the designed function in case of
emergency and to promote the stable operation of the containment building by allowing
the concrete void on the back of the CLP to be checked in advance through NDT.

Currently, the inspection of the concrete voids of the CLP and the back surface is
carried out by selective NDT methods such as visual inspection, ultrasonic thickness
measurement, and impact sound testing for parts with a high possibility of some voids. If a
technology that can detect the voids on the back of the CLP using infrared thermography
technology is implemented, it is expected that a faster and easier inspection will be possible.

This study is about the LIT based on the inspection technique for the concrete voids
on the back of the CLP. In the CLP structure of a nuclear power plant containment build-
ing, considering the connection situation between the metal plate and the concrete, it
can be regarded as a composite structure. Various TT flaw detection techniques exist
but LIT monitors the time dependence between the output and input signals caused
by a defect. Therefore, LIT was chosen because it would be more advantageous to de-
tect/identify/quantitatively evaluate various defects in composites.

For this, thermography simulation through the finite element method (FEM) model
and numerical analysis, setting the effective detectable period (EDP) through the signal to
noise ratio (SNR), and detection performance analysis and comparison using mockups are
performed. Although this takes a lot of time and processing, a more accurate evaluation
time can be set, and the accuracy of TT can be reconsidered. Compared to visual inspection
or ultrasonic inspection, TT can more easily detect concrete voids on the back side of CLP
and will be a useful method for the complete inspection of nuclear power plant containment
buildings.

2. Theory
2.1. Lock-In Thermography (LIT)

Among the TT technologies, the LIT technique, which utilizes external energy, applies
a heat load in the form of a controllable harmonic function to the inspection object and
measures the temperature change formed on the surface of the inspection object with an
infrared (IR) camera. It is a technique that demodulates the amplitude and phase changes
of the measured data and compares and analyzes the difference to check for the existence
of defects [16].

The LIT technique utilizes thermal changes caused by periodic excitation rather than
instantaneous thermal changes, so it can detect minute differences in defects in the inspec-
tion target and has the effect of reducing external influences such as uneven heat load
or emissivity.

2.2. Four-Point Method

Figure 1 shows the principle of data extraction and amplitude and phase calculation
by the ‘4-point method’ for the thermal excitation and thermal response of the LIT [17]. The
4-point method utilizes thermal signals from three-time points (S2, S3, and S4) of equal
terms and a reference time point (S1). For each pixel of each temperature image, by the
following Equations (1) and (2), the amplitude and phase are calculated, and the result is a
method of expressing a two-dimensional amplitude and phase image [17–21].

A{x, y} =
√
(S1− S3)2 + (S2− S4)2 (1)

∅{x, y} = tan−1(
S1− S3
S2− S4

) (2)
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In this study, all temperature images of the transient state are described by frame units,
and the amplitude (A) and phase (∅) images are expressed in step units based on the S1
time point.

2.3. LIT Heat Transfer

Heat transfer by external heat addition in LIT inspection can be explained as a physical
nonlinear problem. The heat transfer at each node of the FEM thermal analysis model
depends on the temperature, and the basic equation on the 3-axis Cartesian coordinates
derived by Fourier’s law can be expressed as Equation (3) [22].

k
(

∂T
∂x

+
∂T
∂y

+
∂T
∂z

)
= −q + hconv (T − T0C) + σε(T4 − T4

0R) (3)

where k is the heat transfer coefficient of the material, q is the heat applied from the
outside, hconv is the convective heat transfer coefficient, σ is the Stefan–Boltzmann constant,
ε is the emissivity of the surface, T is the temperature of the material, T0C is the initial
environmental temperature in convection, and T0R is the initial environmental temperature
in radiation.

The external heat q applied in LIT inspection can be expressed as a periodic excitation,
as shown in Equation (4).

q = Q (sin ωt) (q ≥ 0) (4)

where Q is the peak power during the periodic thermal addition period and ωt represents
the phase angle.

These basic equations can be solved for known initial and boundary conditions,
where the initial conditions take the form of the initial temperature distribution, while the
boundary and load conditions can take the form of a specific temperature, a specific heat
flux, convective conditions, radiant temperatures, etc. In FEM, Equation (3) is discretized
for each node, and a matrix equation that is solved for an unknown temperature at any
time is generated [23].

2.4. Signal-to-Noise Ratio (SNR)

In NDT, the ratio of the defect signal to the ambient noise is the SNR, which is a
suitable factor for expressing the signal strength, uncertainty, and detectability [24]. As
shown in Equation (5) below, the SNR value can be calculated as the signal strength ratio
of the ‘defective part (PS)’ to the ‘sound part (PN)’ without defects and is expressed in
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decibel (dB) units. In this case, when the signal strength level between the defective parts
is doubled or halved, the difference in SNR value represents +6 dB or −6 dB.

SNR = 20 log
(

PS
PN

)
(5)

3. FEM Modeling and LIT Simulation
3.1. CLP Mockup Specimen

As shown in Figure 2, the shape of the mockup specimen considering the concrete
void on the back of the CLP included four concrete voids of two areas (75 × 75 mm2 and
105× 105 mm2) and two depths (15 mm and 30 mm). All voids were designed to be located
within an area of 250 × 250 mm2 in consideration of the inspection range of an IR camera
(FLIR SC645). A 6 mm thick SS 275 plate similar to CLP was attached to the front of the
concrete block, and black paint with an emissivity of 0.95 was applied to the surface of the
plate.
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Figure 2. CLP mockup design with concrete voids (units: mm).

For the LIT simulation through numerical analysis and the analysis of the experimental
results, identification numbers (#1 to #4) were assigned to each void part, and ‘sound parts’
without voids were distinguished by ‘#N’. In addition, ‘S’ for simulation and ‘E’ for mockup
experiment are added to distinguish them.

3.2. FEM Model

The commercial software SpaceClaim 2022 R1 and ANSYS Workbench 2022 R1 were
used to generate the FEM model and perform thermal analysis to be used for the LIT
simulation, and the designed shape in Figure 2 was applied. Figure 3a is a 3D model
created by SpaceClaim, and Figure 3b is an image of the finite element mesh shape created
by ANSYS viewed from the front of the CLP. The element size of the model was set from a
minimum of 2.5 mm to a maximum of 5 mm, and the grid of the CLP surface to perform
the LIT simulation was fixed to 2.5 mm in both width and length and had three elements in
the thickness direction.
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of the CLP front surface.

As a result of model meshing, 827,054 nodes and 177,660 elements were formed, and
the CLP surface had a total of 25,921 nodes in a square lattice arrangement of 161 × 161. In
addition, #1 and #3 void surfaces have 31 × 31 nodes, and #2 and #4 void surfaces have
43 × 43 nodes. Table 1 shows the size and material properties of each component.

Table 1. Material properties and size of the CLP mockup.

Properties Unit CLP Concrete Voids

Volume mm3 400 × 400
×6

400 × 400
×75

#1: 75 × 75 × 15
#2: 105 × 105 × 15

#3: 75 × 75 × 30
#4: 105 × 105 × 30

Mass kg 7 26 -

Thermal
conductivity W/m K 60.4 0.72 0.026

Specific heat J/kg·K 496 780 1007

Density kg/m3 7820 2300 1.16

3.3. Condition of LIT Simulation

In order to implement various LIT inspection conditions for the concrete voids on the
back of the CLP, as shown in Table 2, four cases (Cases 1 to 4) were simulated at two levels
for heat flux and frequency, respectively. The real-time temperature change and distribution
of the CLP surface for each case can be predicted through the thermal distribution analysis
of FEM.

Table 2. LIT simulation case conditions.

Case Heat Flux (kW/m2) Frequency (Hz) Frame Rate (fps)

Case 1 1 0.01 0.5

Case 2 1 0.02 1.0

Case 3 2 0.01 0.5

Case 4 2 0.02 1.0
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In the LIT simulation through the FEM model, as shown in Figure 4, the LIT device
consisting of an IR camera, a function generator, an amplifier, a PC for control and analysis,
and halogen lamps was considered. Additionally, in order to induce high emissivity,
the black paint application condition applied to the CLP surface was also considered.
These assumptions are similar to the actual LIT inspection experiments on CLP mockup
specimens. The LIT simulation of each case was performed by the FEM model, and the
environmental conditions equally applied to all simulations are as follows. The heat transfer
coefficient by natural convection of gas-state fluid is suggested as 5–25 W/m2 K [25]. This
study was conducted in a stable laboratory environment, and the minimum value of
5 W/m2 K was set:

(1) Initial temperature: 22 ◦C;
(2) Emissivity (ε) 0.95 of the plate surface;
(3) The convection coefficient is 5.0 W/m2 K;
(4) Heat load of 3 cycles of a positive (+) half-sine wave as shown in Figure 5;
(5) Frame rate is considered 50 times per cycle.
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It was set so that 150 frames of thermography could be acquired for each case.

3.4. Node Map Construction

The LIT inspection technique is a technology that can be expected to detect relatively
precise defects through the thermal change of the inspection target surface caused by
an external periodic heat load. The LIT simulation derives the transient temperature
distribution analysis result of the FEM model at a tight time interval of 50 frames per
cycle. By extracting all the temperature values of 25,921 (161 × 161) nodes located on the
CLP surface, which is the region of interest, for each frame, reconstructing them into a
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two-dimensional sheet, and displaying them as images. Finally, the thermal analysis results
of all frames can be converted into thermography. In order to extract and simulate these
analysis results quickly and effectively, as shown in Figure 6, the ID number of each node
was checked on the CLP surface of the FEM model, and a node map was constructed to
match the spatial location and used for simulation.
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3.5. LIT Thermography Replication

The temperature values for each frame were extracted from the LIT simulation results
and reconstructed into a 161 × 161 pixel temperature image using MATLAB R2017b
software and a node map. As an example, Figure 7a is the CLP surface temperature
distribution image at 148 s derived from the LIT Simulation of Case 3, and Figure 7b is
the #74 frame temperature image obtained by data extraction and reconstruction through
the node map. The temperature image reconstructed for each case can be connected
in chronological order and expressed as a single thermography. This has the effect of
replicating the thermography data acquired by the IR camera in the actual LIT inspection
experiment.
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Figure 7. Temperature image by LIT simulation result in Case 3 (2 kW/m2, 0.01 Hz). (a) LIT simulated
temperature distribution at 148 s and (b) reconstructed temperature image of #74 frame (at 148 s, by
jet colormap).

3.6. LIT Defect Analysis Tool and EDP

For the replicated thermography data through the LIT simulation of each case, the ‘LIT
defect analysis tool’ developed to quickly perform phase and amplitude image calculation
and SNR analysis by the ‘4-point method’ was applied [26]. This tool was developed using
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MATLAB S/W, checks temperature images in frame units, calculates amplitude and phase
images in step units, and, as shown in Figure 8, the SNR of the region of interest (ROI) by
index (#NS and #1S to #4S) can be calculated, and the trend can be checked.
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4. CLP Mockup Test
4.1. Making of the CLP Mockup Specimen

According to the design and considerations in Section 3.1, a CLP mockup specimen
was made as shown in Figure 9. An SS 275 plate was attached to the front of the concrete
block containing 4 sizes of the void, and matte black paint was applied to the surface of the
plate to secure an emissivity of 0.95.
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4.2. Device Configuration and Experimental Method

The LIT test for the CLP mockup specimen is composed of an IR camera, a control PC,
a function generator, an amplifying means, and a heating source, as shown in Figure 10.
The IR camera used a FLIR SC645 model with a resolution of 640 × 480 pixels and a noise
equivalent temperature difference (NETD) of 50 mK, and one or two halogen lamps with a
maximum output of 1 kW were applied as the heating source. The distance between the
front of the halogen lamps and the surface of the CLP mockup specimen was set to 1 m.
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Figure 10. Picture of the experimental CLP mockup.

The experiment was conducted under four conditions based on the output of the
halogen lamp and the heat addition frequency in an indoor darkroom environment (tem-
perature: 24 ◦C–25 ◦C, humidity: 50–60%) without special air conditioning devices. The
frequency, amplitude, and number of cycles of the heat source were controlled through
a function generator so that a heat load of 3 cycles was applied in the form of a half-sine
wave. Table 3 shows the experimental conditions performed on the CLP mockup specimen.

Table 3. CLP mockup experimental conditions.

Condition Lamp Power (kW) Frequency (Hz) Frame Rate (fps)

Test 1 1 0.01 6.25

Test 2 1 0.02 12.5

Test 3 2 0.01 6.25

Test 4 2 0.02 12.5

4.3. Analysis of Acquired Experimental Data

Figure 11a is a picture image displayed on the monitor in an actual experiment
using 2 kW halogen lamps (2 × 1 kW lamps), and Figure 11b is a temperature image
(640 × 480 pixels) expressing the measured temperature data in MATLAB. As shown in
the picture, it can be assumed that the two lamps each have a hot spot, and the position of
the hot spot reflected does not coincide with the center of the mockup specimen.

In the thermography of all frames observed through the experiment, the ‘LIT defect
analysis tool’ according to the ‘4-point method’ was applied to an area of 480 × 440 pixels,
excluding the outside part. Through this, a transient-state temperature image in frame
units and phase and amplitude images in step units were calculated. In addition, as shown
in Figure 12, the ROI index (#NE and #1E to #4E) is assigned to the same location as the
simulation to check the SNR calculation and trend, which is then compared and explored
with the simulation results.
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The spatial resolution of the thermal image under the experimental conditions was
0.78 mm/pixel, and #1E and #3E voids each had a 96 × 96 pixel size, and #2E and #4E
voids each had a 135 × 135 pixel size.

5. Results and Discussion
5.1. Analysis of Simulated Thermography and Deciding the EDP

The LIT defect analysis tool was applied to the thermography data of all cases repli-
cated through simulation to analyze the SNR trend of temperature/amplitude/phase
images in the transient state, and the EDP for each case was confirmed. Table 4 summarizes
the EDP derived from the thermography data of each case, and Figure 13 is an example
showing the temperature/amplitude/phase trend and SNR trend of the sound part and
the void parts in Case 3. Figure 13b is the temperature SNR trend of each void, and the
12–151 frames satisfied the EDP condition. Figure 13d is the amplitude SNR trend, and the
EDP was 1–12, 36–59, and 89–107 step sections. Figure 13f shows the phase SNR trend, and
the EDP was met in the 3–5, 8–18, 57–69, and 106–115 step sections.
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Figure 13. Analysis of simulated thermography and EDP (Case 3; 2 kW, 0.01 Hz): (a) temperature
change; (b) temperature SNR trend; (c) amplitude change trend; (d) amplitude SNR trend; (e) phase
change trend; and (f) phase SNR trend.
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Table 4. EDP and comparative analysis time.

Case

EDP

Temperature
SNR (Frame)

Amplitude
SNR (Step) Phase SNR (Step)

Case 1 27–151 1–15, 30–65,
82–111

8–18, 56–69,
106–115

Case 2 23–151 1–12, 36–59,
89–107

20–28, 58–68,
102–104, 107–113

Case 3 12–151 1–14, 28–62,
82–111

3–5, 8–18,
57–69, 106–115

Case 4 16–151 1–17, 29–64,
81–113

4–6, 14–17, 20–28,
52–55, 58–69,

102–104, 107–115

Analysis time 74 (frame) 58 (step) 58 (step)

Among the EDP common to all cases, the #74 frame for temperature and the #58 step
for amplitude and phase were selected as mutual comparative analysis times. Considering
the frame rate of each case, 0.01 Hz corresponds to the temperature at 148 s, the phase and
amplitude at 116–141–166–191 s, and 0.02 Hz at 74 s and 58–70.5–83–95.5 s.

5.2. SNR Comparison of Simulated Thermography

A high SNR in thermography means that the contrast between the defective part
and the healthy part is high, and it can be seen that the detection ability is high and flaw
detection is easy. Identifying a specific shape or object in an image or video can generally be
achieved by contrasting the surroundings and the signal. When this contrast is expressed in
decibels through SNR calculation, arithmetically,±6 dB represents twice the signal strength
between the surroundings and the object, and it is difficult to recognize a contrast close to
0 dB in human vision. The higher the SNR, the more advantageous the object recognition.
As a quantitative evaluation method for the length or width of defects detected in various
nondestructive testing techniques such as ultrasonic testing (UT), the 6 dB or 12 dB drop
method is usefully used [27]. To use this technique in TT, it is considered that a contrast of
at least 6 dB should be displayed.

Figure 14a–c shows the temperature, amplitude, and phase SNR for each case as
a graph based on the selected comparative analysis time, and Figure 15a–c shows each
thermal image of Case 3 as an example. As a result, a high contrast of more than 35 dB
was shown in all cases, and it is judged that the detection of concrete voids on the back of
the CLP will be smooth with the LIT inspection technique. In addition, in terms of SNR,
the condition of 0.02 Hz was relatively higher than that of 0.01 Hz, and the effect of the
difference in the void was large, but the effect of the difference in depth was very small.
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Figure 15. Analysis of the LIT simulation result in Case 3 (2 kW, 0.01 Hz): (a) temperature image and
distribute (#74 frame, 148 s); (b) amplitude image and distribute (#58 step, 116–141–166–191 s); and
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type, right are result chart of arrow position and direction.

The detection ability of the active thermography test can generally be expected to be
advantageous as the heat intensity is high and the time is long. However, if the performance
of the flaw detector (temperature resolution, etc.) is good and the heat flux can be delivered
evenly, it is estimated that good detection ability can be secured with less heat energy and
test time, as shown in this simulation result.

5.3. Analysis of Experiments: Thermography

For the LIT thermography data obtained under the four test conditions through the
CLP mockup specimen, the thermography image of the comparative analysis time was
extracted, and the SNR for each ROI was calculated by analyzing the same method and
procedure as the simulation. Figure 16a–c is a graph showing the temperature, amplitude,
and phase SNR for each test based on the selected comparative analysis time. Figure 17a–c
shows the temperature, amplitude, and phase images of Test 3 as an example.

As a result, it showed lower SNR compared to the simulation in all mockup test
conditions. In addition, in the case of the phase image, the proportionality between the
size of the concrete void and the SNR was prominent, whereas the proportionality was not
found in the temperature and amplitude images.
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Figure 16. Comparison of CLP mockup experiment results by test condition: (a) temperature SNR
(#925 frame); (b) amplitude SNR (#725 step); and (c) phase SNR (#725 step).
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Figure 17. Analysis of LIT experiments results in Test 3 condition (2 kW, 0.01 Hz): (a) temperature image
and distribute (#925 frame, 148 s); (b) amplitude image and distribute (#725 step, 116–141–166–191 s);
and (c) phase image and distribute (#725 step, 116–141–166–191 s).

The hot spot effect of the halogen lamp, which is determined to be the cause, results in
an unequal distribution of heat energy provided to the test subject. Additionally, unlike
temperature and amplitude images, phase images are judged to be effective in overcoming
the effects of uneven energy. In addition, even if the output of the lamp is nominally the
same, it can be seen that the actual heat energy delivered to the inspection object is different,
and the effect of the NETD of the IR camera and the noise in the test environment needs to
be considered.

5.4. Comparative Analysis of Simulation and Experiment Results

As can be seen in this study, simulation of LIT and confirmation of EDP can be useful
means for detecting the concrete voids on the CLP backside and for setting the evaluation
and criteria. In the case of simulation, as shown in Figures 14 and 15, the SNR of the
void was higher than 30 dB in all cases, and it is expected that the detection of concrete
voids on the CLP backside will be smooth. In the case of the experiment, as shown in
Figures 16 and 17, the temperature and amplitude images showed irregular and low SNR
regardless of the size of the void, and it was possible to secure an identifiable SNR only
in the phase image. This is thought to be the effect of the uneven heat load of the halogen
lamp. As can be seen in the simulation and phase images of an experiment, the SNR value
of concrete voids has a large effect in proportion to the void area, but the effect by depth is
very small.

6. Conclusions and Future Works

This study is a case study on the LIT thermography inspection technique for the
concrete voids on the back of the CLP of the nuclear power plant containment building.
First, design/manufacture CLP mockup specimens containing four sizes of concrete voids.
In the first step, a FEM model identical to the shape of the specimen was built, and
thermography was replicated and analyzed through LIT simulation, considering four cases.
As a second step, the LIT test under four conditions was run on the mockup specimen, and
the obtained thermography was analyzed to compare/analyze the difference between the
simulation and test results. As a result, the following conclusions were obtained:

1. Simulation through FEM can simulate thermography testing for LIT flaw detection
conditions, and through simulated thermography analysis, EDP that can detect con-
crete voids can be confirmed and the ‘comparative analysis point’ can be derived
and utilized;

2. In the case of the simulation, it was expected that the detection of concrete voids on
the back of the CLP would be smooth with the LIT inspection technology, as it showed
high detection and resolution in all cases;
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3. In the actual test, detection and resolution were confirmed only in the phase image due
to the influence of the hot spot and uneven heat energy transfer by the halogen lamp,
but the temperature and amplitude images were not sufficient. Therefore, it is judged
that the phase image is effective in overcoming the effect of uneven heat addition;

4. The proportionality between the concrete void size and the SNR was found to be
significantly influenced by the void area, but the effect of the depth was minimal.

In the future, it is expected that concrete voids can be inspected more effectively if
stronger energy is applied evenly to the CLP surface without a hot spot in the inspection
condition of the concrete voids on the CLP backside. Therefore, we will consider device
and software solutions to solve the problem of non-uniform heat addition, analyze the
effect of improvement through problem solving, and report the results.
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