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Accurate and easy-to-use nondestructive tests (NDTs) are strongly required to detect damage
and defects in concrete structures. In the Sonic-IR method, the IR radiation due to ultrasonic
vibration at the object surface is visualized using a thermography camera. A temperature rise
occurs with frictional heat generation due to the rubbing action of crack interfaces. Meanwhile,
it is known that the technique is usually introduced for steel and composite materials, which
have much higher thermal conductivity than a cement-hardened body. In this study, we applied
the Sonic-IR method to identify crack propagation in cementitious materials. We found that the
Sonic-IR method can be utilized for detecting the cracks in mortar under compressive stress
failure. The resolution for detecting cracks in the targeted specimens was compared between the
Sonic-IR method and cross-sectional imaging by X-ray computed tomography (CT) as NDTs.
The effective test conditions for evaluating the internal/surface crack by the Sonic-IR method
were clarified by changing the ultrasonic vibration frequency and the external force applied to
mortar specimens to induce crack formation by compression loading. Varying the testing
conditions in the Sonic-IR method, such as stress constraint and ultrasonic frequency, also
enabled us to quantitatively observe the fracture progress upon the application of stepwise
loading, which causes the evolution of compression failure.

1. Introduction

The performance and safety of aging structures must be ensured through testing, which
requires labor and time.!3) The management administrators for tunnels and bridges are obliged
to assess material and structural performance by nondestructive testing (NDT), which
contributes to the appropriate inspection, monitoring, and maintenance required for safety
purposes in the use of those social infrastructures.*~® In targeting materials such as metals and
composites that have higher thermal conductivity than a cement-hardened body, a crack/flaw
that appears and evolves with rising temperature can be imaged by infrared thermography under
ultrasonic excitation [hereinafter referred to as the Sonic-IR method (Sonic-IR)].7-? When
continuous vibration with ultrasonic excitation is applied to high-thermal-conductivity materials,
the temperature at cracks locally increases owing to the friction and rubbing action of the crack
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interfaces under compressive stress.19-12 When ultrasonic vibration of an appropriate frequency
is applied, frictional heat at the damaged area in a solid body is generated by the clapping and
rubbing of the crack interfaces.!3 In demonstrating the heat generation at the region with
damage and defects, the sensitivity of an infrared imaging technique depends on the frequency
selected for ultrasonic vibration.(13-15 Concrete and mortar, which are cement-based materials,
have low thermal conductivity, and the internal conditions depend on their in-service
environments in a real situation. However, there are yet no research cases in which Sonic-IR has
been applied to cementitious materials for detecting internal cracks.

Referring to the infrared radiation principle, in this study, we investigate the technical
procedure with noncontact temperature measuring technology and infrared sensors to visualize
the crack interface in cementitious materials. Sonic-IR is introduced to cementitious material
(mortar) in this study. Although the testing procedure has been widely used for metals or
composites, the applicability of Sonic-IR to cement-hardened materials, which are major
construction materials, is unclear, and there are only a few research works on them since their
thermal conductivity is comparably low.(!®) To investigate the validity of the suitable
methodology, the ultrasonic excitation equipment in Sonic-IR, which is normally employed in
conventional tests for metals or composites, is introduced to cracked mortar in this study. The
objective of this study is to clarify the influence of the mechanical vibration conditions, such as
frequency and uniaxial force, on temperature rise when Sonic-IR is applied for detecting the
interior crack in mortar. In particular, the rate of temperature change and the area of temperature
rise on the target surface were examined for detectable heat generation using an infrared camera.
We aim to examine the heat generation behavior and the testing conditions in Sonic-IR for
detecting cracks in cement-mortar specimens loaded with uniaxial compressive stress.

2.  Sample Preparation

Mortar specimens were prepared with a water—cement ratio (W/C) of 0.5 and sand—cement
ratio (S/C) of 3.0. Ordinary Portland cement and standard sand specified in Japanese Industrial
Standards (JIS R 5201) were used. Mortar specimens with 50 mm diameter and 100 mm height
were prepared. After curing for 28 days in water, the compression test was performed on the
cylindrical mortar specimen, the compressive strength of which was 27.6 MPa (n = 3). The
damaged (crack-induced) specimens prepared for Sonic-IR are shown in Fig. 1.
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Fig. 1. Mortar specimens with various compression stresses.
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The specimens were applied with loads of up to 10, 30, 50, 70, 90, and 100% of the
compressive strength to fabricate specimens with different degrees of cracking (damage). The
samples loaded to 70 and 90% of compressive strength (hereinafter referred to as the 70%
specimen and the 90% specimen, respectively) were used for the investigation in this study.

3. Sonic-IR

Sonic-IR is the imaging technique of frictional heat generated by the rubbing of the contact
surfaces of the internal cracks or the crack interfaces. When ultrasonic vibration is excited and
propagated through the targeted object, the cracks and the interfaces are identified from the
temperature rise due to heat generation displayed in the thermal image obtained using the
infrared camera. Several crack imaging methods that combine infrared thermography and
ultrasonic excitation (vibration) are referred to as Sonic-IR or vibro-thermography.!7-18) Since
these methods utilize heat generation and temperature rise due to the friction between crack
surfaces caused by ultrasonic excitation, this technique is suitable for material interface imaging
when contact and closure of crack surfaces are expected.(1%20 To detect anomalies accompanied
by the propagation of cracks in rocks under external loads, the ultrasonic vibration load test of
cylindrical granite samples with 200 N force is carried out using a 30 kHz piezoelectric ceramic
ultrasonic vibrator.2!

Figure 2 shows the testing equipment of Sonic-IR assembled with an ultrasonic excitation
system with a stainless-steel horn. The induced ultrasonic excitation frequencies were 20.2 and
28.8 kHz. The displacements of the horn head contacting the top surface of the specimen were a
0.20 pm peak-to-peak amplitude for 20.2 kHz frequency and a 0.15 pm peak-to-peak amplitude
for 28.8 kHz frequency. To eliminate the mechanical influence of ultrasonic excitation as much
as possible on the cement-hardened body, continuous ultrasonic excitation on the surface of the
targeted specimen was implemented for 3 s. The uniaxial load under confined conditions of the
vibration horn was set at three levels: 33, 66, and 99 N. Room temperature in the experiment was
set at 20 °C in an air-conditioned environment. Styrene boards were installed around the
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Fig. 2. Experimental setup of and thermal image obtained by Sonic-IR.
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specimen for insulation. In the constant-temperature and constant-humidity (R.H. 40%)
chamber, the specimens were stored and dried before implementing Sonic-IR.

The distance between the center of the specimen and the camera lens was set at 270 mm. The
specimen location was adjusted to horizontally capture the target centered in the detected image.
The thermal image recording frame rate was 10 Hz. The thermal images were taken from the
front and back of each specimen to obtain the average temperature rise over the whole surface.
The surface temperature rise was imaged in 400 pixels % 200 pixels on the target specimen of 50
mm (diameter) X 100 mm (height). Differential analysis of temperature change was performed
with reference to the duration of ultrasonic vibration. Under ultrasonic vibration excitation for 3
s, the temperature change in the defined area was calculated as 7] fromOto 1s, 7, from0to 2 s,
and 75 from O to 3 s.

The acquired 16-bit X-ray computed tomography (CT) continuous images with the resolution
of 37.73 um/pixel were processed into 8-bit images. The temperature data of the thermal image
and the coordinates of the cross-sectional image subjected to 8-bit processing were derived to
identify the heat source (internal crack) location and the crack width. By using the plot profile
function of ImageJ, two inflection points were identified in the curve showing the change in
brightness (gray-scale value) for cracks in the acquired 8-bit image, and the crack width was
calculated from the difference in the gray-scale values.

4. Results and Discussion

The total number of pixels in the defined area for the differential thermal analysis in each
specimen was used to calculate the ratio of pixels (Pyq9) where 75> 0.9 °C, and the averaged
values of P ¢ for front and back surfaces were obtained from each specimen.

Figure 3 shows P4 when the frequency of ultrasonic excitation was 20.2 kHz. Figure 4
shows P, g when the frequency was 28.8 kHz. No heat generation can be confirmed for the intact
specimen under any conditions of confined force and ultrasonic vibration frequency. With the
applied ultrasonic frequency of 20.2 kHz, heat generation is unclear for the 70% specimen,
whereas it becomes marked for the 90% specimen as the confined force increases. On the other
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Fig. 3. Ratio of pixels of Pyq¢ (A75 > 0.9) with 20.2  Fig. 4. Ratio of pixels of Py 9 (A73 > 0.9) with 28.8
kHz. kHz.



Sensors and Materials, Vol. 36, No. 4 (2024) 1631

hand, with the applied ultrasonic frequency of 28.8 kHz, slight heat generation in the 70%
specimen is observed, while the heat generation in the 90% specimen is reduced in comparison
with the case of applying 20.2 kHz ultrasonic vibration.

Generally, the number of internal cracks increases with the increase of loading stress in
compression tests.(?2:23) Therefore, it is considered that the heat generation due to frictional
action is likely to occur with an increase in the number of internal cracks. It can be seen that the
90% specimen displays more extensive and intense heat generation than does the 70% specimen.
The result indicates that the progress of damage with crack formation can be detected with
greater heat generation in the case of 20.2 kHz than in that of 28.8 kHz.

Figure 5 shows the calculated result of the ratio of pixels (P, 5), where 75 > 0.5 °C for the 70%
specimen. Although no significant heat generation is observed in Figs. 3 and 4, it is confirmed
that the heat generated with 28.8 kHz ultrasonic excitation is greater than that with 20.2 kHz
ultrasonic excitation for the 70% specimen, unlike the 90% specimen. From the above results, it
is found that there is a difference in the heat generation behavior examined with Sonic-IR
depending on the degree of damage. Furthermore, the ultrasonic excitation frequency and the
confining force on the specimen affect the frictional heat behavior at the crack. In the
compression test, it is known that the width of the crack usually increases with increasing
uniaxial load.?>23 This suggests that there is a certain correlation between the frequency of
ultrasonic excitation and the width of the crack detected by Sonic-IR in cementitious materials.

Figure 6 shows an X-ray CT image of a cross section in the 70% specimen. The temperature
profiles on the surface at 5 mm from the top are detected by Sonic-IR, as shown in Figs. 7 and 8
for 20.2 and 28.8 kHz ultrasonic excitation, respectively. The results were obtained under the
confined force of 99 N. The results indicate that the heat generation behavior not observable with
20.2 kHz excitation can be seen with 28.8 kHz excitation in zone A. This indicates that there are
defects such as microcracks that can be detected only with 28.8 kHz excitation. However, no
cracks are visually confirmed in the cross-sectional X-ray CT image at the location where the
heat generation is identified. In compression tests for concrete, it was revealed in previous
studies that microcracks of less than 0.1 mm width occur inside the specimen even when only
70% of the compressive strength is applied.2>) Therefore, it is considered that the 70% specimens
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Fig. 5. Ratio of pixels of Pyq (AT5 > 0.9) for 70%  Fig. 6. X-ray CT image of 70% specimen at 5 mm
specimen. from the top.
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Fig. 7. Temperature rise with 20.2 kHz on 70%  Fig. 8. Temperature rise with 28.8 kHz on 70%
specimen surface. specimen surface.

in this study contain only microcracks. This implies that microcracks that cannot be visualized
in X-ray CT images with a resolution of 37.73 pm/pixel can be detected in the thermal images
obtained by Sonic-IR with 28.8 kHz ultrasonic excitation.

Figure 9 shows an X-ray CT image of a cross section in the 90% specimen. The temperature
profiles on the surface at 5 mm from the top can be detected by Sonic-IR, as shown in Fig. 10,
with 20.2 kHz ultrasonic excitation since the heat generation is obvious (see Figs. 3 and 4). The
results were obtained under the confined force of 99 N.

In the cross-sectional image shown in Fig. 9, it is confirmed that cracks exist at the point
corresponding to zone B, where heat generation is indicated by the sharp peak in the line profile
in Fig. 10, and the crack width is 0.25 mm. In zones C and D of the cross section shown in Fig. 9,
the crack width could not be clearly observed (measured) because of the insufficient resolution
of the X-ray CT image. However, heat generation is observed by Sonic-IR, as shown in Fig. 10,
in zones C and D. On the other hand, although the crack visualized in zone E is detected to be
0.36 mm in width, the heat generation is quite small, as shown in Fig. 10.

Figure 11 shows the changes in the rate of temperature change V (°C/s) with time from 0 to 1
s, 1 to 2's, and 2 to 3 s when the ultrasonic excitation frequency was 28.8 kHz for cracks in zone
A of the 70% specimens (Fig. 6) and 20.2 kHz for cracks in zone E of the 90% specimens (Fig.
9). A large temperature rise from 0 to 1 s and the stagnation of heat generation from 1 to 3 s is
seen for the invisible crack in zone A. For the detected (visualized) crack of 0.36 mm width in
zone E at 5 mm from the top, the crack width is 0.34 mm at 10 mm and 0.31 mm at 15 mm from
the top of the specimen (ultrasonic excitation point). The cross-sectional images are shown in
Figs. 12 and 13, respectively. The rates of temperature rise are also indicated in Fig. 11.

When the surface opening crack widths are 0.36 and 0.34 mm, a constant temperature rise is
observed from 0 to 1 s and 1 to 2 s, and the heat generation gradually stagnates from 2 to 3 s.
When the crack opening width is 0.31 mm, the temperature increases significantly from 0 to 1 s,
but remains stagnant from 1 to 2 and 2 to 3 s. It is additionally confirmed that the surface
temperature increases upon applying ultrasonic vibration for 3 s are 0.74 °C for 0.36 mm, 0.90 °C
for 0.34 mm, and 1.67 °C for 0.31 mm crack opening widths. Therefore, from the above-
described results, it is found that crack closure may generate frictional heat effectively depending
on the excitation frequency of ultrasonic vibration.
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Fig. 9. X-ray CT image of 90% specimen at 5 mm  Fig. 10. Temperature rise with 20.2 kHz on 90%
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Fig. 11. Rate of temperature rise with 20.2 and 28.8 kHz.

Fig. 12. X-ray CT image of 90% specimen at 10 mm  Fig. 13. X-ray CT image of 90% specimen at 15 mm
from the top. from the top.

5. Conclusions

As one of the noncontact sensor technologies, infrared thermography enables crack detection
in cementitious materials under ultrasonic vibration. By applying Sonic-IR to mortar specimens,
crack propagation subjected to different compressive stress histories was evaluated, and the
following findings were obtained.



1634 Sensors and Materials, Vol. 36, No. 4 (2024)

)
2)

3)

EN OS]

10

11

12
13

14
15

16

17
18

19

20

21

22

23

The degree of damage in mortar influences the effects of the restraining force and the
frequency of the ultrasonic vibration on the heat generation behavior.

Sonic-IR can detect microscopic cracks propagated in the cement matrix, which cannot be
identified or visualized in X-ray CT images.

There is a correlation between the rate of temperature change (°C/s) upon ultrasonic excitation
and the opening width of the crack.
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