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Infrared thermography for detecting defects in concrete structures is closely related to the heat source and the optimized method
of the thermal image. Due to the limitation of the irradiation area of the heat source, it is inefficient to detect the defects in large
concrete structures. In this paper, sunlight was employed as a heat source to detect the defects with different sizes and depths in
concrete, and the measured infrared images were processed and optimized by an enhancement algorithm. The experimental
results showed that the defects in concrete could be rapidly identified under sunlight. The effect of environment, view angle, and
boundary can be eliminated by image preprocessing, and the histogram equalization algorithm can increase the detection depth of
the defects. The research results can also provide a reference for the infrared detection technology of concrete under the weak

heat source.

1. Introduction

Nondestructive testing (NDT) of concrete is critical to
evaluate the safety of structures, and infrared thermography
(IRT) is one of the most important internal defect detection
methods available. When the heating source is applied on
the concrete, due to the poor thermal conductivity of the gas
contained in the internal defects, energy could not pass
through and accumulate on the top region of the defect,
causing the surface temperature above the defect higher than
the intact area. Therefore, infrared thermography can be
used to collect the surface temperature information and
detect the internal defects in concrete [1, 2]. The variation of
temperature in different parts of the concrete depends on the
depth and size of the defects. However, this method is not
effective for detecting deep defects [3-5]. Maierhofer studied
the influence of the size and depth of the cavity on the
transient temperature curve under different heating times,
realizing the locating of the internal defects in concrete [6].
Patricia further observed that the maximum detection depth
is related to the horizontal dimensions of the defects [7].

Although the thermal conductivity of concrete is two
orders of magnitude higher than that of gas, its value is still
low, and identification of defects may take a long time. Thus,
researchers began to focus on improving the heating mode
and optimizing the thermal image. The test results show that
a clear thermal image can be obtained by heating the
specimen with a strong heat source [8, 9]. Krishnendu
compared the infrared inspection results of concrete under
various heating methods and found that the high-resolution
infrared images can be obtained by frequency modulation
heating mode [10].

For large concrete structures, the defects are randomly
distributed in the structure. Owing to the limitation of the
heat source, it is inefficient to divide the structure into small
parts for detection. As a natural heat source, sunlight can be
evenly applied to the structure, and the heating range could
be effectively expanded [11]. However, the radiant intensity
of sunlight applied to the structure is small, and a stable
environment is needed to reduce the influence of external
factors (e.g., wind, moisture evaporation, and boundary) on
the surface temperature of the inspected object [12].
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Therefore, it is necessary to optimize the measured results
under solar heating.

Digital image processing is an applied science, which can
realize image nonuniformity correction and contrast en-
hancement [13]. Existing studies have shown that the
processing method based on color histogram is widely
applied to infrared image optimization, which can achieve
the purpose of expanding the gray range and improving
contrast, and the types of derived algorithms are gradually
enriched, such as the global histogram equalization (GHE)
and the contrast limit adaptive histogram equalization
(CLAHE) [14, 15]. Scholars have used this enhancement
method to reduce the limit of contrast in infrared images for
visual observation and improve the recognition effect [16].

This paper aims to present an experimental investigation
into the surface temperature distribution of concrete under
solar heating. The effect of the depth and size of the defects,
the heat source, the boundary condition, and the optimized
method on the temperature variation are evaluated. Finally,
the proper optimized method for the recorded images under
different heat sources is proposed.

2. Experimental Program

2.1. Specimens and Material. To analysis the surface tem-
perature distribution above the defect, two groups of
specimens with dimensions of 400x170x70mm and
1000 x 540 x 170 mm were adopted in the test. In group A,
two specimens with four defects were tested to evaluate the
depth of the defect on the temperature distribution under
pulse heating. In group B, a specimen with eight defects was
used to study the effect of the size and depth of the defects on
the temperature distribution under solar heating. The de-
tailed dimension and distribution of defects are depicted in
Figure 1. Concrete with a designed strength of 30 MPa was
adopted in the test and the mix proportion was cement:
water: sand: coarse aggregate=1:0.62:1.81:4.20. Before
pouring the concrete, polyurethane foam with the same size
as the defect was fixed in the design position by steel wire. As
the thermal conductivity of the foam is close to that of air,
the polyurethane foam can be used to simulate the defects in
concrete [17].

2.2. Test Apparatus and Test Procedure. To analyze the ap-
plication range of infrared thermography in nondestructive
testing of concrete structures, quartz plate and sunlight were
both used as heating sources to apply thermal energy to the
specimens, as shown in Figure 2.

The pulse heating tests were carried out in the laboratory
at a temperature of 25°C. During the test, the quartz heating
plate was first preheated for 2 min to keep the heating power
stable and then placed above the specimen with a distance of
400 mm. The heating power maintained 3000 W during the
heating stage. After heating for 6 min, the quartz plate was
removed from the supports. In the meantime, an A300
infrared thermal imaging camera with a precision of 0.1°C
and measuring range of —20°C~350°C was employed to
record the surface temperature field. Considering the heat
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reflection generated in the heating stage is violent and the
heat conduction is insufficient, it is not suitable to carry out
defect identification in this period. At present, active heating
research generally adopts the cooling stage, and the detec-
tion results are more accurate.

The solar heating tests were conducted under sunlight
with a radiation intensity of about 800 W/m?” and an ambient
temperature of 33°C. Generally, it is appropriate to apply
solar heating in the morning because of the large temper-
ature gradient of sunlight [18, 19]. Before testing, the
specimen was shaded to an ambient temperature of 25°C to
eliminate the temperature difference and then exposed to
sunlight for 30 min. Meanwhile, the variation of surface
temperature was recorded by the infrared thermal imaging
camera. Since the sunlight is not controllable, it is incon-
venient to conduct shading treatment in the signal acqui-
sition process. No data on the cooling period was recorded,
meaning that defects need to be identified during the heating
phase.

2.3. Experimental Results. Figure 3 shows the surface tem-
perature distribution of each specimen under the maximum
temperature difference between the defect area and the
intact area. It can be seen that the infrared thermal image
detection method can be well used to detect the shallow
defect in concrete.

In the pulse heating test, it is obvious that the brightness
of deep defects A2-1 and A2-2 is higher than that of A1-2.
This unexpected phenomenon is caused by the working
principle of the thermal imager. The brightness of the in-
frared image is directly proportional to the temperature. The
thermal imager assigns the brightest color to the highest
temperature and the darkest color to the lowest temperature.
However, the temperature range will change with time, and
the brightness range remains unchanged, which means that
the proportional coefficient of brightness and temperature is
constantly changing. When there is an extremely high-
temperature part (Al-1) in the image, the brightness range
allocated to the relatively low-temperature area (A1-2) will
be compressed, resulting in the brightness lower than A2-1
and A2-2, whose temperature is high and relatively close.
The location of all the defects can be accurately determined;
however, with the increase of the depth, the contours will be
harder to distinguish.

In the solar heating test, the brightness corresponds well
with the defect depth because the defects are located in the
same image. When the defect depth is higher than 32 mm, it
is difficult to recognize the existence of the defect.

The subjective defect-recognition depends on the color
difference between the defect area and the intact area. When
the temperature difference is small, it is difficult for the
naked eye to identify the defect, limiting the application of
IRT. To further analyze the application range under pulse
heating and solar heating manners, the average temperatures
(T) of defect area and intact area were extracted, and the
temperature difference (AT) curves are shown in Figure 4.

Under pulse heating, it can be seen from Figure 3 that AT
increases steadily in the early stage of cooling and then rises
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FIGURE 2: Equipment layout. (a) Pulse heating. (b) Solar heating.

FIGURE 3: Temperature distribution. (a) Al-cool down for 12 minutes. (b) A2-cool down for 12 minutes. (c) B-heat up for 20 minutes.
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FIGURE 4: Temperature and temperature difference curve. (a) Pulse heating-T, AT; (b) solar heating-T; (c) solar heating-AT.

to the maximum value. However, it is difficult to distinguish
the outline of deep defects when the temperature difference
is less than 0.3°C (A2-1, A2-2). For solar heating, it can be
found from Figure 4 that when the temperature difference is
less than 1.2°C (B-7, B-8), the defects cannot be accurately
identified with naked eyes. To analyze the influence of di-
mension and depth of the defect on AT, the ratio (R) of side
length (L) to depth (D) and the corresponding temperature
difference is listed in Table 1 and Figure 5.

It can be seen from Figure 5 that it is hard to distinguish
the defect when the ratio is less than 1.8. Therefore, it is
necessary to optimize for this type of defect.

Meanwhile, to make infrared thermography detection
more accurate in depth judgment, the temperature differ-
ence growth rate (S) and the corresponding time of the linear
segment of the temperature difference curve in Figure 4 are
extracted in Table 2.

TaBLE 1: Growth rate of temperature difference.

Def. Bl B2 B3 B4 B5 B6 B7 B8
L(mm) 100 80 60 40 80 80 80 80
D(mm) 18 18 18 18 20 32 44 56
R 5.6 4.4 33 2.2 4.0 2.5 1.8 1.4
AT(CC) 532 473 4.02 299 328 122 0.68 048

It can be seen from Table 2 that when D=18mm
(B1~B4), L has little influence on S, which remains nearly
0.0058. When L =80 mm (B2, B5~B8), with the increase of
D, S decreases significantly. As a result, S is mainly related to
D, and L exerts a minor influence on it. It can be seen from
Figure 6 that a power function can represent the relationship
between S and D and be used to judge the depth of the
defects. The maximum detection depth can also be obtained.
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TaBLE 2: Growth rate of temperature difference.
Def. Bl B2 B3 B4 B5 B6 B7 B8
L[mm] 100 80 60 40 80 80 80 80
D(mm) 18 18 18 18 20 32 44 56
Time range(s) 200~600 200~800 >800
S 0.0058 0.0058 0.0059 0.0050 0.0034 0.0014 0.0009 0.0005
0.006 was decomposed into single-frame images with equal in-
’ terval time. After that, the gray value of each pixel point is
fitted with » times polynomial equation in chronological
0.005 1 order [10, 16], and the fitting value of surface temperature
T(t) can be expressed as follows:
0.004 - "
T(t)= ) at =ag+at+at> +---+at”. (1)
S 0.003 - (i=0)
The experimental material is not an ideal semi-infinite
0.002 + body. In the process of solar heating, the deviation of il-
lumination angle and ambient temperature will affect the
0.001 - boundary temperature of the sample. However, in the
process of active heating, the pulse intensity is much greater
0.000 than the environmental impact which can be ignored. As
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FIGURe 6: Slope fitting.

3. Optimized Method of Image

3.1. Interference Cancellation. Generally, the IRT detection
mainly uses the temperature field at a single moment to
identify defects [20], but the recorded information is easily
disturbed by the external noise. During the tests, the thermal
imaging camera can record the whole variety of the surface
temperature. To make full use of the recorded data and
reduce the influence of external noise on images, the video

shown in Figure 7, to study the temperature variation at the
material boundary and propose an effective correction
method, the image is corrected by perspective transforma-
tion to ensure the authenticity of the defect information
[21-23], and two measuring lines are arranged in the de-
tection image to extract the gray value (proportional to the
temperature) along the line.

It can be seen from Figure 7 that the temperature around
the boundary region is higher than the central part of the
specimen. Moreover, the temperature above the defect is
larger than the intact area—the deeper the defect, the lower
the temperature. Therefore, the temperature of the specimen
is influenced by solar radiation, defects, and boundaries. To
obtain the actual temperature above the defect, the effect of
the boundary should be eliminated. For an intact area, the
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FIGURE 7: Line layout and gray level. (a) Line layout. (b) L1-gray level. (c) L2-gray level.

surface temperature is related to the solar radiation and
boundary. During the test, the radiation was uniformly
applied to the concrete. The influence of solar radiation on
the temperature can be regarded as a fixed value at a par-
ticular moment. The boundary effect mainly controls the
variation of temperature around the boundary region.
Therefore, the average temperature on the left side of
Figure 7(c) can be described in Figure 8.

As illustrated in Figure 8, the horizontal asymptote of the
fitting curve can be regarded as the dividing line between the
effect of solar radiation and boundary, and the influence of
boundary effect can be eliminated by subtracting the part
enclosed by the horizontal asymptote and the fitting curve.
Therefore, the infrared 3D image of the specimen B after
subtracting can be obtained in Figure 9.

The image preprocessing effectively eliminates external
interference and makes the temperature in the nondefect
area more stable, but the deep defects are still not high-
lighted, so it is necessary to further optimize the pre-
processed image.

3.2. Image Enhancement. The infrared detection image is
different from the ordinary image by reason of the simple
distribution of color blocks, no sudden change in brightness,
and few details available. When processing this kind of
image, the effect of many algorithms based on visual and

multiscale information is close to that of histogram equal-
ization. However, the histogram algorithm has the advan-
tages of convenient adjustment and fast operation speed, so
the global histogram equalization (GHE) and the contrast
limit adaptive histogram equalization (CLAHE) method
were adopted in this passage [24-29].

GHE is a method of applying histogram equalization
directly to the whole image by broadening the gray value that
occupies most of the image and merges the gray value with a
small number to enhance image contrast. The transform
function can be obtained through the histogram information
of the image. CLAHE first subdivides the image into a square
subarray. Then, the exceeding default gray values are dis-
tributed to each pixel to make the high-temperature area’s
gray value tend to be consistent. This approach abandons the
idea of uniform transition and transforms the region into a
ladder form so that the contours of the high-temperature
parts can be highlighted. The optimization results of pulse
heating and solar heating under different enhancement
image algorithms are shown in Figures 10 and 11.

It can be seen from Figure 10 that the enhanced image
algorithm can improve defect-recognition resolution. For
pulse heating, the heat around the defect was continuously
transmitted to the surrounding parts during the cooling
stage. For shallow defect, as shown in Figures 10(b) and
10(e), the GHE method results in a large red speckle formed
above the defect, and the shape of the defect is hard to be
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FIGURE 9: Preprocessing effect of specimen B. (a) Before preprocessing. (b) After preprocessing.

(a) (b)

e

(e)
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FiGgure 11: Comparison image enhancement of B. (a) B-before image enhancement. (b) B-CLAHE enhancement. (c) B-GHE enhancement.

discriminated. However, it can be seen from Figure 10(c)
that the location and the shape of the defect are easy to be
distinguished after the image was enhanced by the CLAHE
method. At this point, the use of CLAHE was more effective
in shaping defect contours.

As shown in Figure 11, it is difficult to identify deeper
defects after the optimization by the CLAHE algorithm.
However, the GHE algorithm can equalize the whole image
and extend the range of compressed pixels, which could
effectively improve the contrast of the deep defects.

Root mean square contrast ; and area ratio z, are used
to measure the identification effect and accuracy of defects to
objectively compare the advantages of different image en-
hancement algorithms and image quality after processing.
The calculation method is as follows [30]:

1
" \/W 2(Itxy)-a)

i
(2)

mxn

So
Zs = Sd, (3)
where I(x, y) is gray value at point (x, y); s, is area of the
embedded defect; and s, is area of the actual detection.
According to equations (2) and (3), the optimization
parameters of each defect area before and after using dif-
ferent enhanced image algorithms in Figures 10 and 11 are
shown in Table 3.

TaBLE 3: Optimization parameters.

op Zs

Def. AT (°C) _ . ..
Initial CLAHE GHE Initial CLAHE GHE

Al-1 3.5 32.6 56.5 604 0.86 1.04 —

Al-2 1.2 14.8 39.0 545 118 0.93 0.81
A2-1 0.4 22.3 65.0 60.3 — 0.73 0.80
A2-2 0.4 16.6 53.7 51.2 — 0.77 0.85
B-1 5.7 12.1 56.5 61.6 1.08 1.24 1.30
B-2 4.3 10.2 54.5 652 1.14 1.36 1.27
B-3 4.0 7.8 48.3 59.8 135 1.27 1.23
B-4 3.0 44 45.5 559 0.71 1.26 1.29
B-5 3.3 5.6 31.1 61.0 0.89 1.16 1.28

B-6 1.2 1.9 29.5 58.5 — 0.94 1.13
B-7 0.7 — 15.8 55.2 — 0.88 1.10
B-8 0.5 — — 51.3 — — 1.03

It can be seen from Table 3 and Figures 10 and 11 that
both CLAHE and GHE algorithms can effectively improve
the recognition effect of internal defects in infrared thermal
images. CLAHE algorithm makes temperature ladder-type
through local processing, which better shapes the defect
profile without causing defect distortion. However, it is not
suitable for areas with low initial contrast (o; <5.6) or low-
temperature gradient, so that the optimization effect of deep
defects (h >32 mm) under solar heating is not good enough.

GHE algorithm, by expanding the pixel interval of the
full image, increases the gray value of the small proportion of
the defected part. The increase of defect depth has little
influence on the optimization effect. After application, the
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defect area is enlarged by 1.0~1.3 times while the line error is
kept between 0 and 15%. Under the experimental conditions
in this paper, the effective detection depth under solar
heating can be increased from 30 mm to 55mm, with an
increase of more than 80%.

3.3. Discussion. In this paper, we combine some simple
image processing algorithms with infrared defect detection
of concrete and obtain some positive results.

In the past, the optimization of infrared detection of
concrete mainly focuses on the improvement of heating
mode and instruments. The continuous optimization of
hardware facilities is pleasant, but it may face some limi-
tations in the practical application process. Therefore, this
paper adopts a common heat source for assistance and
combines the algorithm to optimize the detection results.
For simple detection images, some commonly used algo-
rithms, such as histogram equalization, can play a good
processing effect and are not inferior to the complex al-
gorithm. At the same time, the algorithm principle deter-
mines its applicable scope. We tentatively put forward that
GHE can improve the contrast and is more suitable for
highlighting deep defects, while CLAHE can shape the defect
contour better. The results of the experiment can also prove
this point.

Although there are important discoveries revealed by
these studies, there are also limitations. First, there are few
types of defects arranged, and the influence of environ-
mental humidity, air convection, and other potential
influencing factors is not considered in the test process, so
the simulation is not comprehensive enough. At the same
time, the quantification of defect depth requires a large
number of tests to determine the query parameters.
Therefore, we hope to share more research data and further
subdivide the experimental conditions according to different
working conditions in order to draw more general con-
clusions. Second, the intelligent degree is not satisfactory,
and subjective judgment is required in many aspects. Neural
network learning may be a good solution.

4. Conclusion

Experimental research has been carried out to detect the
internal defects in concrete by infrared thermography, and
the thermograph was optimized by image preprocessing and
enhancement algorithm. The main conclusions from the
results are summarized as follows:

(1) Under sunlight heating, the defect can be easily
distinguished when the ratio of side length to depth
is larger than 1.8.

(2) The depth of defects can be preliminarily determined
according to the combination of heating rate and set
parameters.

(3) The impact of view angle, temperature fluctuation,
and boundary conditions on the thermal image can
be reduced by image preprocessing, such as signal

reconstruction and transformation and temperature
division.

(4) GHE can stretch the temperature scale and is more
suitable for deep defect-recognition under solar
heating. The ladder processing of CLAHE is more
suitable for pulse heating images with blurred defect
contours.
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