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Abstract

Infrastructure safety inspections typically rely on visual inspections and hammering tests by inspectors. However, a significant
challenge is the variability in inspection results due to differences in inspectors' technical expertise. To address this issue, we
propose an inspection method and preventive work using a coating-type resin sensor combined with an infrared camera. The
use of thermography as a nondestructive evaluation technique is increasingly popular for maintaining concrete structures. Most
inspections only evaluate the locations and shapes of defects on surfaces. Yet, no method has been developed to assess the
depth of defects. In our approach, infrared-reactive resin is applied, and thermographic images of the target area are captured
sequentially. Temperature curves obtained at each pixel during the cooling process are analyzed using the Fourier transform to
differentiate defect states in various parts of the temperature distribution. The temperature change correlates with the defect
size. Approximately 5% aluminum powder is mixed into the applied gel resin; due to its specific gravity, it tends to concentrate
in areas damaged by compression failure or float. This report discusses technologies for identifying defects and measuring their
size in infrared-reactive resin. It examines the effectiveness of preventive measures to prevent the scattering and collapse of
defects caused by structural degradation. This paper presents a concentric loading test on reinforced concrete columns confined
by gel resin ties. Test variables include concrete compressive strength and FEM analyses, ranging from 232-244 N/mm?, both
below and above the equipment hole that caused the defect, and a comparison with test specimens free of defects to measure
the relationship.
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1. Introduction

In Japan, there are a large number of infrastructure struc- 30% of the 730,000 road bridges (over 2m) and 22% of the

tures such as bridges and tunnels that were constructed dur- 11,000 tunnels will be more than 50 years old [1]. However,
ing the period of high economic growth in the 1960s and are bridges and other structures are still in use even after they
now more than 50 years old. It is predicted that by 2020, have exceeded their useful life, and more frequent inspec-

*Corresponding author: shimoi@akita-pu.ac.jp (Nobuhiro Shimoi)

Received: 5 January 2025; Accepted: 26 January 2025; Published: 17 February 2025

@ Copyright: © The Author(s), 2025. Published by Science Publishing Group. This is an Open Access article, distributed
@ under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.



http://www.sciencepg.com/journal/jccee
http://www.sciencepg.com/journal/617/archive/6171001
http://www.sciencepg.com/
https://orcid.org/0000-0002-1024-0361
https://orcid.org/0000-0003-1110-4342
https://orcid.org/0000-0001-6202-3150

Journal of Civil, Construction and Environmental Engineering

http://www.sciencepg.com/journal/jccee

tions and repairs will be required in the future to prevent the
risk of collapse or destruction. When monitoring to ensure
the soundness of structures, it is extremely important to con-
stantly monitor deterioration and structural changes under
long-term supervision, as detecting dangerous conditions as
early as possible plays a major role in building a safe and
secure society. Until now, safety inspections of infrastructure
structures have been conducted within 50 years of construc-
tion, when safety is guaranteed. However, we have now
reached a critical juncture in which we must consider how to
ensure the safety of aging infrastructure structures beyond
this period, and there is an urgent need to develop new mon-
itoring technologies. It is considered important to quantify
the currently used empirical evaluation methods such as
"visual inspection" and "hammering inspection," and to fur-
ther improve the efficiency (standardization, cost reduction,
etc.) and reliability (Improved accuracy, automatic data
evaluation, etc.) of "non-destructive inspection" such as
X-ray transmission and magnetic flaw detection [2]. Howev-
er, we considered developing technology aimed at preventing
concrete pieces from falling from the ceiling due to deterio-
ration of the walls of concrete piers of bridges and the tiled
walls of high-rise buildings, and especially the inner walls of
tunnels. We developed technology that is not affected by
measurement conditions using a relatively inexpensive in-
frared camera in the long wavelength range, and verified a
method of measuring concrete cracks, defects, and wall lift-
ing using a simple measurement method. Figure 1(a) shows a
crack on a concrete wall, and Figure 1(b) shows a floating
concrete wall. Unlike detection using a general IR camera,
this is a new inspection method in that it does not require
heating or cooling the measurement point as long as the di-
urnal temperature difference between day and night is 7°C or
more, but there are many places on the Japan Sea side in
winter where the diurnal temperature difference is 6°C or
less. If the diurnal temperature difference is small, the tem-
perature difference between the concrete surface and the at-
mosphere becomes small, making evaluation using IR ther-
mal images, which require a temperature difference, difficult
in principle. In this study, passive measurement is made pos-
sible by using image analysis technology with an original
infrared-responsive gel resin sensor that mixes aluminum
powder into a gel resin [3-5]. When this resin sensor is ap-
plied to the surface of a concrete wall, the aluminum powder
contained in the gel resin flows and concentrates inside the
defect when a crack or other problem occurs. As a result,
when the wall surface is kept warm by sunlight, the defect is
highlighted due to the temperature difference between the
infrared radiation of the aluminum powder and the atmos-
phere, making it possible to measure it with an infrared cam-
era. Even if there is no thermal radiation from sunlight from
the wall surface, it is possible to similarly discover the defect
from the temperature difference with the wall surface due to
the radiative cooling effect from the aluminum powder. On
the other hand, there are reports that rainwater can seep in
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through defects in concrete structures and flow into the room,
causing leaks and accelerating deterioration [6, 7].

This gel-resin sensor flows into cracks and defects due to
the difference in specific gravity between the resin and metal,
so it also has the effect of repairing defects and preventing
rainwater from entering. Therefore, this measurement meth-
od can be described as a measurement technology that both
measures defects in concrete walls and takes preventive
measures.
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Figure 1. In this picture, concrete peeling and clacking are seen on
the surface.

2. Measurement Technology Using for
Coating Gel Resin Sensors

Infrared cameras are devices that convert the infrared en-
ergy they detect into pseudo-temperature data to create an
image, and in recent years have been used to measure lifting
and surface cracks caused by rebar corrosion inside rein-
forced concrete walls. Because infrared radiation energy is
proportional to temperature, currently defects are detected by
increasing the temperature difference by heating and cooling
the measurement target using an external heat source. On the
other hand, our research is to increase the temperature dif-
ference of the measurement object using gel resin and to
reduce the cost of the measuring device by using a
long-wavelength (8~12um) infrared camera. Note that an
example in the J-Stage, where infrared detection wavelengths
have been put to practical use, 3-5 pm medium-wavelength
infrared is used to evaluate soundness by processing images
processed by software [5, 8]. However, this measurement
device, including the software, costs approximately 20 mil-
lion yen, and there are problems with it not being widely
used for normal inspections.

2.1. Comparison with Conventional
Measurement Technology

Various methods are used for quantitative measurement of
the soundness of structures for the purpose of disaster pre-
vention and mitigation. Sensor systems for measuring dis-
placement and vibration due to static load include a method
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that uses a laser displacement meter or a contact displace-
ment meter to measure displacement, and a method that uses
a microtremor vibrator to measure natural vibrations and
identify the state of destruction and stress concentration
points by FEM analysis [9, 10]. Microtremor vibration
measurement calculates the amplification characteristics and
natural period of a structure by calculating the Fourier spec-
trum ratio of the vertical component to the horizontal com-
ponent [11], and normalizing the horizontal vibration to the
vertical vibration. A measurement unit consisting of a micro-
tremor meter, data logger, and PC costs about 1.5 to 2.5 mil-
lion yen. The laser Doppler velocimeter (LDV) method [12]
detects the velocity from the phase difference caused by the
Doppler effect between the irradiated light and the reflected
light when a laser beam is irradiated on the measurement
target. The system consists of two LDV devices, a data log-
ger, a PC, and a digital displacement meter, and costs around
4.5 to 6 million yen, which creates problems with diversifi-
cation.

X-ray analysis using FEM is also used as a method to
non-destructively and quantitatively evaluate residual stress
in structures. Non-destructive X-ray equipment can be in-
stalled to monitor limited areas, but it is not practical for
long-term measurements because it requires equipment costs
of approximately 8 to 10 million yen and a power source,
and it is difficult to perform crack progression analysis. Wall
surface inspection techniques for structures using infrared
cameras include a thermography method that uses the tem-
perature difference caused by sunlight on the exterior walls
of buildings, and measures differences in the conductivity of
wall materials to measure differences in defective areas
[13-15]. In addition, a method to highlight damaged areas
from infrared thermal images estimates the probability of
damage prediction in temperature change areas based on
image filtering and the features of the processed images [16].
Furthermore, as a method for quantitatively evaluating the
risk of spalling, a rebar corrosion expansion pressure simula-
tion test using infrared thermography is performed on speci-
mens at each damage stage, and the degree of deterioration is
calculated without considering the cover or fracture form
[17]. Most of the time, the equipment is equipped with an
InSb infrared sensor that detects mid-infrared rays (MWIR)
from 3 to 5 pum, but there are also some equipped with sen-
sors that detect far-infrared rays (LWIR) from 7.5 to 9.3 pm.
However, since the equipment is equipped with a sensor that
requires cooling, it is large and heavy, and since it requires a
power source, it is difficult to mount it on a drone [18, 19]. It
seems that long-term monitoring for more than 20 years is
necessary to evaluate the safety and soundness of concrete
structures. However, there are currently no measuring devic-
es that can guarantee long-term monitoring or smart sensing
methods that can even predict hazards [20, 21]. On the other
hand, the Ministry of Land, Infrastructure, Transport and
Tourism recommends using infrared cameras on drones to
measure flying objects. Although there are problems with the
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measurement accuracy, it is expected that this will be used
more frequently in the future due to personnel shortages
caused by the declining birthrate and aging population [15,
22].

2.2. Principles of Infrared Thermography

Most objects at room temperature emit energy through infra-
red radiation. Formula (1) shows Planck’s law of radiation, and
formula (2) shows Boltzmann's law, which states that all objects
emit energy proportional to the fourth power of their absolute
temperature [23]. If the surface temperature of the measurement
target is 40<C (absolute temperature T = 273+40 = 313 K), then
formula (3) gives the wavelength A = 2897+313=9.2. If the
surface temperature of the measurement target is 40<C, it is
considered that a device using a wavelength in the 9.2pm band is
necessary as a measurement condition. In addition, IR camera
exploration can measure up to 4 cm deep in the concrete surface.
If the diurnal range difference between day and night is 7<C or
more, it is very convenient because there is no need to heat or
cool the measurement location, but in winter on the Sea of Japan
side, there are many places where the diurnal range difference is
less than 6<C. If the diurnal range difference is small, the tem-
perature difference between the concrete surface and the at-
mosphere becomes small, and evaluation using IR thermal im-
ages, which requires temperature difference, may be difficult in
principle. Most objects at room temperature emit energy through
infrared radiation. Formula (1) shows Planck's law of radiation,
and formula (2) shows Boltzmann's law, which states that all
objects emit energy proportional to the fourth power of their
absolute temperature [23]. If the surface temperature of the
measurement  target is 40C  (absolute temperature
T=273+40=313 K), then formula (3) gives the wavelength A =
2897-+313=9.2. If the surface temperature of the measurement
target is 40 <C, it is considered that a device using a wavelength in
the 9.2 pm band is necessary as a measurement condition. In
addition, IR camera exploration can measure up to 4 cm deep in
the concrete surface. If the diurnal range difference between day
and night is 7<C or more, it is very convenient because there is no
need to heat or cool the measurement location, but in winter on
the Sea of Japan side, there are many places where the diurnal
range difference is less than 6 <C. If the diurnal range difference
is small, the temperature difference between the concrete surface
and the atmosphere becomes small, and evaluation using IR
thermal images, which requires temperature difference, may be
difficult in principle.

2.3. Consideration of Conventional Technology

As shown in the image acquisition diagram by infrared
thermal radiation in Figure 2, the infrared rays emitted from
the measurement target are propagated according to formulas
(4) to (6). According to the principle of infrared thermography,
if there is not enough difference between the temperature of
the air and the temperature of the test piece during infrared


http://www.sciencepg.com/journal/jccee

Journal of Civil, Construction and Environmental Engineering

http://www.sciencepg.com/journal/jccee

measurement, heating of the test piece must also be taken into
consideration [24].
c? 1
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WAb: Black body spectral radiant emittance at wave length
A

c: Speed of light (3x108 vim/sec)

h: Planck's constant (6.6x10727's)

K: Boltzmann constant (1.38x10 "¢ J/k)

t: Absolute temperature of blackbody (K)

T: Object Temperature

€: Spectral radiant heat of the object

A: Wavelength (m)
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Planck's formula Black body spectral radiance 82
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2" Boltzmann constant (5.7%10 W/m)
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Amax = 2897 /T [pm] (3)
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3. Reinforced Concrete Specimens and
Measurement Methods

The infrared camera (InfRec R450: Nippon Avionics) used
in this study and its specifications are shown in Figure 2 and
Table 1. Figure 3 shows the measurement conditions of the
compression fracture test of the reinforced concrete specimen
using a loading test machine (Maximum load 5000 kN). The
fracture test was performed using a loading test machine with
a maximum load of 5000 kN, and the maximum load of ap-
proximately 2200 kN was gradually applied vertically from
the top of the specimen, until the specimen was completely
destroyed after approximately 20 minutes. Figure 4 shows the
rebar skeleton of the reinforced concrete specimen (300 x 400
x 1000 mm). The specimen was made using ordinary concrete
with a cover thickness of approximately 20 mm. In addition,
the piezoelectric displacement sensors shown in Figure 5 were
fixed to the four corners of the lower surface of the specimen
with M12 bolts to a 5 mm thick steel plate at the bottom of the
specimen. This sensor is designed to output autonomously at
displacement gradients of 1/200 and 1/100, and does not
require a power source for measurement [25]. In addition, to
determine the effect of the infrared camera measurement and
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the results of the destruction prevention work by using gel
resin as a heat retaining agent on the surface of the test
specimen, gel resin CY52-276 (Toray Dow) was applied to a
thickness of approximately 0.2 mm on the front, back, left
side, and right side of the test specimen, and compared with a
test specimen with nothing applied and a test specimen with
only gel resin. In addition, to evaluate the properties of the gel
resin, test specimens applied with gel resin as it is and test
specimens applied with aluminum-containing gel resin mixed
with aluminum powder were also prepared.
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Figure 3. Structural drawing of the compressive loading machine
and the specimen (300 x 400 x 10000 mmy).
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Figure 4. Experiment using equipment and specimens. (unit: mm,).
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Figure 5. Details of shapes and dimensions of the piezoelectric
displacement sensor.

Table 1. Infrared camera specifications.

InfRec R450; Nippon Avi-

Model onics Co., Ltd.

Two-dimensional

Detector .
non-cooling method

Measurement temperature range -40 to 1500 °C

Measurement wavelength 8 to 14 um
Number of pixels 480 x 360

Measurement field of view 24 deg x 18 deg

o

Visible light

Infrared thermal
(a)

Figure 6. Comparison of visible light and infrared images with and without resin coating of specimens a, b, and c.

Visible light

4.2. Displacement Due to Load on Test
Specimen and FEM Analysis

Figure 7(a) shows the relationship between the applied
force and the displacement without the gel resin applied,
with the broken line. The solid line is the output state of the
original piezoelectric displacement sensor. This sensor is
designed to output about 1000kN when the specimen is

Infrared thermal

(b)
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Standard lens 10 cm to

Weight 3.8kg

4. Measurement Considerations and
Results

4.1. Comparison of Visible Light Camera
Images and Infrared Camera Images of
Specimen Destruction Due to Compression

Destructive tests were conducted on the reinforced concrete
specimens shown in Figure 4. No pretreatment such as residu-
al heat was performed during the destructive tests. In order to
verify the effect of the gel resin on specimens of each shape,
three types were created: (a) a specimen with nothing applied
to the sides, (b) a specimen with the four sides coated with gel
resin (no mixture), and (c) a specimen with the four sides
coated with gel resin mixed with 5% aluminum powder. Visi-
ble light images and infrared images of each specimen after
the maximum load had been applied are shown in Figure 6. In
all specimens, the compressive force applied from above
caused cracks and lifting in the specimens, and the results of
measuring these cracks and lifting using thermal images from
a visible light camera and an infrared camera are compared.

Visible light

Infrared thermal

©

moderately damaged (displacement gradient is 1/200 dis-
placement about 5 mm) and about 2200 kN when it is com-
pletely destroyed (displacement gradient is 1/100 displace-
ment about 10 mm). The output displacement is about 5 mm
and 12 mm, and there is a difference in the measurement
from the set value. It is thought that there is no significant
change due to the remaining strength of the specimen, so
there is a delay in the output from the piezo, resulting in an
error in the displacement value. The broken line shows the
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applied force value applied to the specimen. (b) shows the
relationship between the applied force and the displacement
when only the gel resin is applied to the front. The output
points of the piezoelectric displacement sensor show dis-
placements of about Smm and 9.5mm, which are almost the
design value. This was confirmed by the Smm displacement
output, which shows the beginning of destruction due to the
applied force. The state of destruction was visually con-
firmed with little fragmentation due to decomposition of the
test specimen, and the wrapping effect of the resin was evi-
dent. (c) 5% aluminum powder was mixed into gel resin and
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applied to the four surfaces of the test specimen. The onset of
destruction was observed at a gradient of 1/200, 5 mm, as
designed, as indicated by the displacement meter output, but
at a gradient of 1/100, the displacement meter output was
11.5 mm. This result suggests that the wrapping effect of the
resin has been further increased, preventing the test specimen
from collapsing completely. In other words, the effectiveness
of the preventive measures was also evident. (d) shows the
destruction state of the test specimen as calculated numeri-
cally. The maximum applied force was 2500 kN (measured
value was 2200 kN), with a displacement of 9.5 mm.
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Figure 7. Relationship between load and displacement use a piezoelectric displacement sensor and simulation.

Figure 8 shows, the analysis was performed using ATENA
3D (version 5.9.1.21517), a nonlinear finite element analysis
software specifically designed for simulating the behavior of
concrete and reinforced concrete structures. The model was
constructed using quadrilateral elements with a basic mesh
size of 100 mm per side. Around the openings, the circular
geometry was approximated with hexagonal meshes to en-
sure proper fitting. The analysis model consisted of
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three-dimensional nonlinear solid elements equipped with
specialized tools for reinforced concrete structures. For
boundary conditions, the specimen base was fixed, and dis-
tributed loads were applied as loading conditions to the up-
per surface. The analysis employed the Newton-Raphson
method, with displacement increments of 0.5 mm from 0 mm
to 8 mm displacement, followed by finer increments of 0.1
mm from 8§ mm to 10 mm displacement to evaluate the pro-
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gression of strain and crack development. The FEM analysis
diagram in Figure 8(a) shows the destruction of the specimen
at a gradient of 1/200 and a displacement of about 5 mm, and
it was difficult to judge because no significant destruction
was shown. However, the FEM analysis diagram in (b) at a
displacement of 8.8 mm shows a state diagram in which a
load of about 2200 kN is applied to the specimen structure.
The strength of the specimen structure is affected from the
center of the specimen structure, and the rebar breaks. This is

@

(b)

shown in light green in the FEM analysis diagram. (c) is a
diagram of the specimen in the FEM analysis diagram at a
displacement of 9.5 mm when a load of about 2200 kN is
applied. This shows a state in which the load is concentrated
in the center of the specimen, causing significant damage. (d)
shows that the destruction has progressed further and is in its
final state. The load is 2500 kN, the gradient is 1/100, and
the displacement is 10 mm.

(©

(d)

Figure 8. FEM analysis results of test specimen (a) because of load and displacement.

4.3. Knowledge Obtained from This
Experiment

The gel resin applied to the test specimen has a certain hard-
ness and heat retention properties that do not deteriorate or un-
dergo chemical changes over time. This property also prevents
fragments from scattering or falling due to breakage, as the elas-
ticity of the gel resin increases when it settles on the surface
after application. The application of gel resin is also thought to
be effective in preventing collapses in tunnels and deterioration
of fallen objects such as concrete bridge piers over time. It is
also thought that its uses can be expanded to include scattering
of window glass fragments during earthquakes and disasters.
However, further measurement results and reliability must be
compiled to confirm its effectiveness. For example, it may be
necessary to compare the measurement performance using two
infrared cameras with different wavelengths and develop tech-
nology to measure the depth of cracks.

5. Conclusion

The following findings were obtained through this meas-
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urement technology.

(1) To improve the resolution of long-wavelength infrared
thermal images, the temperature difference with the
outside air must be large, and the difference must be at
least 0.7°C.

(2) Due to the effect of the gel resin applied to the surface
of the test piece, even if the temperature inside the test
piece is lower than the outside air temperature, the ra-
diant heat difference from the broken part can be
maintained large, and a clear infrared thermal image of
the damaged part can be obtained. In theory, a differ-
ence between the internal temperature and the outside
air temperature of about 5°C is required for measure-
ment using only gel resin, but by using gel resin mixed
with aluminum powder, a temperature difference of
less than 1°C is possible.

(3) Compared to the medium-wavelength 3-5um infrared
camera used in the infrared thermal image measure-
ment of the J system, the gel resin coating makes the
long-wavelength 8-14pm infrared camera uncooled,
inexpensive, has a wide measurement range, and can
obtain results suitable for measuring "peeling" and
"floating". It also has the effect of preventing the pro-
gression of shear and surface peeling during destruc-
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tion, and is thought to be promising as a construction
method to prevent rubble from falling.

(4) As can be seen from the FEM analysis, the force ap-
plied from above is concentrated in the center of the
test specimen, so in order to prevent cracks in the
structure and corrosion of the reinforcing bars, it is
important to prevent rainwater from entering. The ap-
plied resin is thought to prevent rainwater from enter-
ing through the cracks and corrosion and deterioration
of the reinforcing bars.

In the future, we would like to develop health monitoring
technology using installed sensors, this measurement system,
and the close-proximity measurement technology of a
wall-climbing robot.
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