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Abstract: Filler into concrete cracks is one of the repair methods for in-service concrete structures.
Applying epoxy-based filler to the structures combines concrete material with epoxy resin and
protects re-degradation. However, the insufficient filling of the filler into cracks can reduce the
repair effectiveness. By the authors, epoxy-based filler mixed with hollow particles has been
developed for improving mechanical properties of the repaired concrete and inspecting the
insufficient filling well. In particular, this study focuses on non-destructive detection of the
insufficient filling of the mixed filler into an artificial concrete crack using active infrared
thermography. In lab experiment, we performed active infrared thermography with 20-minute
heating and 40-minute cooling for four concrete samples. The concrete samples had an artificial
crack that was filled with epoxy-based filler mixed with hollow particles. Each filling proportion
into the crack was set to 20%, 50%, 80%, and 100%. The volume ratio of the epoxy resin to the
hollow particles in the filler was 2 to 1. In analysis, we analyze the surface temperature fields of the
samples using thermal images and the inner temperature fields using a two-dimensional heat
conduction simulation. As a result, in the 20%-filling sample, which has the smallest filling
proportion, the standard deviations of the filler temperatures during first 60 seconds of the cooling
are largest in the samples. Additionally, in the same sample, changes of the heat flux in the depth
direction around the surface, which is determined by the simulation, are also largest. The
characteristics of the temperature variation and heat conduction probably depend on the hollow
particles. The filler mixed with the hollow particles enables us to detect the filling into the crack
accurately, quickly, and remotely. Thus, this study provides the non-destructive method for
monitoring the repair using the hollow particle mixed filler.

1 INTRODUCTION

One common repair method for concrete
structures  involves filling cracks with

the cracks, the material not only shields the
structure from further deterioration but also
enhances its mechanical strength by bonding

specialized repair materials. Epoxy-based
crack repair is frequently employed for this
purpose [1-4]. By injecting epoxy resin into

the concrete and resin. The authors have
developed an epoxy resin mixed with hollow
particles to improve both the physical
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properties of the repair material and the
accuracy of post-repair inspection of filling
proportions [5, 6]. Hollow particles are utilized
across various technical fields [7-18], and their
incorporation into epoxy resins has been
widely studied [19-25]. Numerous reports
have highlighted the improvement of
mechanical properties through the inclusion of
particles in composite materials [26-31]. A key
challenge in crack repair is the presence of
unfilled voids, which can lead to the re-
degradation of repaired structures. An added
benefit of incorporating hollow particles into
the filler is the reduction in heat capacity,
making the material more responsive to
temperature changes. This thermal
responsiveness allows for the rapid evaluation
of filling completeness, thereby improving
inspection accuracy. In this study, infrared
thermography—a  non-destructive  method
widely used for monitoring concrete structures
[32-35]—is applied. The authors previously
proposed a non-contact method to detect
unfilled areas in repaired cracks using infrared
thermography [36].

This study aims to evaluate the filling
proportions of hollow particle-modified epoxy
resin through a combination of non-destructive
infrared thermography and heat conduction
simulations. The simulations provide detailed
insights into the thermal behavior of the filler
material. A laboratory-scale experiment was
conducted using four types of test samples,
each containing artificial cracks filled with
hollow particle-modified resin. The focus of
this research is the non-destructive detection of
insufficient filler penetration using active
infrared thermography to assess filling
proportions accurately.

2 EXPERIMENTAL METHODS

2.1 Test samples

Test samples with artificial cracks filled
using a hollow particle-modified filler were
prepared as part of this study. The filler
consisted of epoxy resin and hollow particles
(3M), mixed at a volume ratio of 2:1 (see
Figure 1). The specifications of the filler
material are detailed in Table 1. Artificial

100 pm
Fiue 1: Hollow particle mixed filler in this study.

Table 1: Filler specification

Tensile i
Mixture rate  Viscosity strength Eloxrlagtaetlon Specific
0, . 1
(%) (mPa - s) (N/mnd) ) gravity
HPG 50 6,800 1.21 29.9 0.89

Heat insulator

(c) HPGS80 (d) HPG100
Figure 3: Different filling proportions.

cracks, 2 mm in width, were created between
two concrete blocks, each measuring 200 mm
in width, 120 mm in depth, and 120 mm in
height. The appearance of the samples with
these artificial cracks is shown in Figure 2.
These cracks were then filled with the hollow
particle-modified filler. Figure 3 illustrates the
different filling proportions observed from the
side view of the samples.

As described in Section 2.2, each sample
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was wrapped with heat-insulating material and
aluminum tape to minimize heat transfer from
the sides and bottom during the heating and
cooling experiments.

Four experimental cases were designed,
each with a different filling proportion. The
artificial cracks had a total height of 120 mm,
while the filler was applied to varying heights:
24 mm for 20% filling, 60 mm for 50% filling,
96 mm for 80% filling, and 120 mm for 100%
filling. These cases are referred to as HPG20,
HPGS50, HPGS80, and HPG100 throughout this
study.

2.2 Infrared thermography

An infrared thermography camera was used
to measure the surface temperatures of the
samples and to detect the filling proportions
using an active thermography method. In this
method, the object is subjected to an external
thermal load, inducing temperature
fluctuations that are captured for analysis. The
experimental  setup  for the  active

thermography method is illustrated in Figure 4.

In addition to infrared imaging, temperature
measurements ~ were  conducted  using
thermocouples installed at six specific
locations on each sample. These locations
included the surface, middle, and ends of both
the resin and concrete sections, ensuring
comprehensive thermal profiling.

The samples were heated using two 900 W
heaters for 20 minutes, followed by a cooling
period of 40 minutes with the heaters turned
off. The infrared thermography camera was
positioned 0.3 meters from the sample surface,
capturing thermal images at intervals of one
image every 10 seconds. Simultaneously, the
thermocouples recorded temperature data at
the same 10-second intervals to complement
the infrared measurements.

3 ANALYTICAL METHODS

3.1 Heat conduction simulation

The heat transfer inside each sample during
the heating and cooling process of the active
method is analyzed by a numerical simulation
of two-dimensional unsteady heat conduction.

L =
% Infrared F—
I thermography

5

camera

Considering the symmetry of each sample,
which consists of two concrete blocks of the
same size, a two-dimensional calculation
model is set up with the spatial range covering
half of each sample in the horizontal and
vertical directions as shown in Figure 5. The
two-dimensional unsteady heat conduction
equation is as follows:

pc(8TIt) = (P TIO+ETION?), (1)

where T is temperature (K), ¢ is time (s), x is
horizontal position (m), y is vertical position
(m), p is density (kg/m?), c¢ is specific heat
(J/(kg'K)) and 4 1is thermal conductivity
(W/(m-K)).

In the discretization of Equation (1), a
simple difference method is used. As shown in
Figure 5, the discretization is unequally spaced
along the horizontal x-axis and equally spaced
along the vertical y-axis. We numerically
solve the equation with the explicit method.
The time step At is set to 0.01 s, and the space
steps Ax and Ay are set to 0.001 m to satisfy
the stability of the explicit method. As unequal
intervals in the horizontal x-axis direction, Ax
is given for a width of 31 mm from the origin
of the calculation space, SAx for the next 30
mm width, and 10Ax for the next 140 mm
width. The initial condition is given the
temperatures at the start of heating measured
by the thermocouples. For four boundary
conditions, one temperature boundary is given
on the model surface at y = 0 using the
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Figure 5: Two-dimensional simulation model for unsteady heat conduction inside the test samples.

thermocouple temperatures during the active
method, and the other boundaries are given the
adiabatic condition on the two sides and the
bottom of the model.

3.2 Thermal properties

The thermophysical properties utilized in the
heat conduction simulation are presented in
Table 2. The specific heat capacity and
thermal conductivity values for concrete were
obtained by averaging the data reported in
references  [37, 38]. The  apparent
thermophysical properties of the hollow
particle-epoxy resin mixture were determined
by modeling it as a porous composite
consisting of epoxy resin and air, following the
approach outlined in reference [39].

3.3 Thermal image processing

The analysis area of the thermal images
acquired through the active thermography
method is illustrated in Figure 6. As shown,
the region surrounding the thermocouple
installed on the resin surface is excluded from
the analysis. Instead, two separate regions,
each comprising 50 pixels from the resin area,
are selected, resulting in a total of 100 pixels
for analysis. These regions are extracted from
each thermal image captured during the

Table 2: Thermophysical properties

. Density Specific heat T'herm-al‘
Material o/ Ul(ke'K)) conductivity
(kg/m") ¢ (W/(mK))
Concrete [37, 38] 2,400 1,155 2.7
Air [37] 1.1763 1,007 0.02614
Epoxy resin [37] 1,850 1,100 0.3
Hollow particle
mixed filler 926 1,100 0.14
Infrared
¢ thermograpl
camera Concrete e | Concrete

Analysis area of

. Resint 2 50 pixels each
— 7

Thermocouple

.“1?‘-'* fgraei,

W

Thermal image

Figure 6: Analysis area of thermal imélge processing.

experiment, and the temperature variations on
the resin surface are subsequently evaluated.

4 RESULTS

4.1 Temperature characteristics inside the
samples

Figure 7 illustrates the temperature
variations of the samples, as measured by the
thermocouples during the active thermography
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Figure 7: Temperature variations in each sample measured by thermocouples.
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Figure 8: Results of the heat conduction simulation in HPG20 and HPG100.

process. The heating phase occurs before
1,200 seconds, while the cooling phase begins
after 1,200 seconds. During the heating phase,
the temperatures of the resin surfaces increase,
whereas they decrease during the cooling
phase. The internal temperatures of the
samples reach their peak values later than the
surface temperatures, reflecting the thermal lag
as the thermocouple positions move deeper
into the samples.

Figure 8 presents a comparison between the
resin  temperatures measured by the
thermocouples and those calculated using the
heat conduction simulation for HPG20 and
HPG100. The simulation results for both
HPG20 and HPGI100 closely align with the
corresponding measured values, demonstrating

the accuracy of the heat conduction model.

4.2 Evaluation of resin fill proportions with
infrared thermography

The mean values and standard deviations of
temperatures extracted from the analysis areas
of the thermal images (refer to Figure 6) are
presented in Figure 9. In Figure 9(a), no
significant differences are observed in the
average temperatures across the different cases.
Considering that variations in filling
proportions correspond to differences in the
heat capacity of the samples, it can be
expected that samples with lower (filling
proportions  will  exhibit more rapid
temperature changes due to their reduced heat
capacity.
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We focus on the temporal variation of the
standard deviations within each analysis area,
as shown in Figure 9(b), which serves as an
indicator of thermal variation during the
cooling process. Here, standard deviation is
defined as SD. To detect differences in filling
proportions within a relatively short time
frame, particular attention is given to the rapid
changes in standard deviation during the first
60 seconds of the cooling phase, from 1,200 s
to 1,260 s.

Figure 10 illustrates the time-dependent
variations in standard deviation (SD),
comparing values at 1,200 s with those at
subsequent time points from 1,210 s to 1,260 s
during cooling. The changes in SD over the
first 10 seconds (from 1,200 s to 1,210 s) are
as follows: HPG20: —0.18 °C (from 1.16 °C to
0.98 °C), HPG50: —0.18 °C (from 0.67 °C to
0.49 °C), HPG80: —0.14 °C (from 0.60 °C to
046 °C), and HPG100: —0.15 °C (from
0.48 °C to 0.34 °C). These variations are
relatively small across all cases in the first 10
seconds. For the 30-second interval (from
1,200 s to 1,230 s), the SD variations are:
HPG20: —0.43 °C (from 1.16 °C to 0.73 °C),
HPG50: —0.34 °C (from 0.67 °C to 0.33 °C),
HPG80: —0.26 °C (from 0.60 °C to 0.34 °C),
and HPGI100: —0.25 °C (from 0.48 °C to
0.23 °C). At this point, the difference between
HPG20 and HPGS50 becomes more
pronounced. Over the 60-second period (from
1,200 s to 1,260 s), the SD variations are:
HPG20: —0.55 °C (from 1.16 °C to 0.61 °C),
HPG50: —0.36 °C (from 0.67 °C to 0.31 °C),
HPG80: —0.39 °C (from 0.60 °C to 0.21 °C),
and HPG100: —0.21 °C (from 0.48 °C to
0.26 °C). In the 60-second interval, it is
evident that lower filling proportions
correspond to larger variations in standard
deviation,  indicating  greater  thermal
responsiveness in underfilled samples. This
phenomenon is further discussed in Section
4.3 using heat flux data obtained from the heat
conduction simulations.
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Figure 9: Time-series of the average temperature and

standard deviation in each analysis area of the thermal

images.
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Figure 10: Variations over time between the SD at
1,200 s and the one at each time point from 1,210 s to
1,260 s in the cooling. process.

4.3 Heat flux characteristics inside the
samples depending on resin filling
proportion

This study also focuses on the temperature
and heat flux fields within each sample. Figure
11 presents the vertical heat flux at a depth of
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1 mm beneath the surface of each sample
during the first 60 seconds of the cooling
phase (from 1,200 s to 1,260 s). In this figure,
positive values indicate downward heat flux
(toward the bottom of the sample), while
negative values represent upward heat flux
(toward the surface). Considering the vertical
spatial resolution of the simulation, we
specifically analyze the changes in heat flux at
a depth of 1 mm near the surface.

Figure 12 shows the variations in heat flux
over different time intervals. For the initial 10
seconds of cooling (from 1,200 s to 1,210 s),
the changes in heat flux are as follows:
HPG20: —1,740 W/m? (from 3,749 W/m? to
2,009 W/m?), HPG50: —1,618 W/m? (from
3,538 W/m? to 1,921 W/m?), HPG80: —1,608
W/m? (from 3,781 W/m? to 2,172 W/m?), and
HPG100: —1,465 W/m? (from 2,263 W/m? to
798 W/m?). These variations over 10 seconds
are relatively small across all cases. For the
30-second interval (from 1,200 s to 1,230 s),
the heat flux variations are: HPG20: —3,685
W/m? (from 3,749 W/m? to 64 W/m?), HPG50:
—3,244 W/m? (from 3,538 W/m? to 294 W/m?),
HPG80: —3,247 W/m? (from 3,781 W/m? to
534 W/m?), and HPG100: —2,677 W/m? (from
2,263 W/m? to —414 W/m?). These changes are
more pronounced compared to the 10-second
interval. Over the full 60-second period (from
1,200 s to 1,260 s), the variations in heat flux
are: HPG20: —4,430 W/m? (from 3,749 W/m?
to —681 W/m?), HPG50: —4,032 W/m? (from
3,538 W/m? to —494 W/m?), HPG80: —3,902
W/m? (from 3,781 W/m? to —121 W/m?), and
HPG100: —3,062 W/m? (from 2,263 W/m? to
=799 W/m?). The largest change in heat flux
over 60 seconds is observed in HPG20, which
has the lowest filling proportion. Similar
trends were observed at a depth of 3 mm.

In HPG20, the temperature at the resin's
end begins to decrease immediately after the
start of cooling (see Figure 7(a)), indicating
that heat conduction toward the end of the
resin occurs during the heating phase. This
suggests that in HPG20, heat conduction is
more likely directed toward the surface during
cooling. For the other cases (HPG50, HPGSO,
and HPG100), the maximum temperatures are
reached within the resin shortly after the
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Figure 11: Time-series of the heat flux in the vertical
direction calculated by the simulation. Positive values
are in the vertical downward and negative values are
in the vertical upward.
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cooling phase begins (see Figures 7(b), 7(c),
and 7(d)), indicating predominant downward
heat conduction. Furthermore, the addition of
hollow particles reduces the thermal

conductivity in HPG20, making heat
conduction toward the surface more
pronounced. Figure 13 illustrates the

relationship between variations in heat flux
and standard deviation (SD) from 1,200 s to
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1,260 s during cooling. Insufficient filling of
the resin results in larger temporal variations
in temperature (i.e., larger SD values) shortly
after the cooling process begins. This behavior,
particularly evident in HPG20, can be
attributed to the heat flux dynamics within the
sample.

S DISCUSSION

5.1 Implications for field applications with
unknown crack depth

This section discusses implications for field
applications using our proposed method.
Firstly, for field testing, the use of an infrared
thermography camera is essential. When direct
access to target structures is feasible, the
camera can be mounted on a single tripod or a
tripod setup. For instance, the camera used in
this study weighs x g, making it lightweight
and portable enough for on-site inspections.
However, in situations where direct access to
target structures is difficult—such as high,
remote, or hazardous locations—an unmanned
aerial vehicle (UAV) equipped with a
thermography camera can be employed. This
approach allows for data acquisition in areas
that are otherwise inaccessible or risky. A
limitation of this study is that validation was
conducted only at a fixed measurement
distance of 30 cm. In field conditions where it
is challenging to position the camera close to
the target, a thermography camera with higher
resolution will be required to maintain
measurement accuracy over greater distances.

Secondly, while this study employs an
active  thermography  method, passive
thermography is recommended for field
applications due to its practicality. For cracks
with unknown depths, the surface temperature
field can be analyzed by calculating the heat
flux balance under real-world meteorological
conditions. In simulations, an assumed crack
depth is set, and the ideal temperature field is
calculated. By simulating temperature fields
under various assumed crack depths, the
optimal depth corresponding to the measured
surface temperatures of the target structure can
be identified.

In our previous studies, passive
thermography methods combined with heat
balance simulations were successfully applied
to steel structures [40] and dam structures [41],
demonstrating the feasibility of this approach
in diverse field conditions.

5.2 Implications for concrete fracture

This section discusses the implications of
our method for addressing concrete fractures.
The use of hollow particle-modified filler is
designed not only to enhance the mechanical
properties of repaired structures but also to
facilitate the inspection of filler penetration
into cracks. Our previous research
demonstrated improvements in the tensile
properties of mortar bars repaired with hollow
particle-modified filler, as verified through
ultrasonic testing and acoustic emission
techniques [6]. While these findings were
based on lab-scale experiments, the filler is
expected to similarly enhance the mechanical
performance of in-service repaired structures.
The method proposed in this study focuses on
the inspection of filler penetration in in-service
structures using infrared thermography. For
future work, we aim to achieve non-contact
detection of resin filling rates across multiple
cracks over large surface areas using thermal
imaging techniques. This will enable efficient,
large-scale inspections of repaired concrete
structures.

6 CONCLUSIONS

This study focuses on the non-destructive
detection of insufficient filling of hollow
particle-modified filler in artificial concrete
cracks using active infrared thermography. In
the experiments, test samples were prepared
with 2-mm wide artificial cracks filled with
varying amounts of filler. The samples were
subjected to controlled heating and cooling
using the active thermography method, with
filling proportions set at 20%, 50%, 80%, and
100%. The temperature data obtained from the
thermal images were used to evaluate the
filling proportions, contributing to improved
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inspection accuracy. The key findings are

summarized below:

1) The two-dimensional unsteady heat
conduction  simulation  successfully
reproduced the temperature fluctuations
within the samples during both the heating
and cooling processes.

2) The standard deviation, representing
thermal image variation, exhibited larger
fluctuations within the first 60 seconds of
cooling for samples with lower filling
proportions. This suggests that the use of
hollow particle-modified filler enhances
inspection accuracy by enabling quicker
detection of insufficient filling.

3) In the case of HPG20 (20% filling), the
largest changes in vertical heat flux were
observed during the first 60 seconds of
cooling. This indicates that greater
temporal variations in the standard
deviation of thermal images are associated
with lower filling proportions.

4)
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