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Abstract

This study investigates the use of vibrothermography to detect cracks in concrete parts, developing acoustic excitation
devices (sonic and ultrasonic and low- and high-power excitation devices) and examining the influences of excitation fre-
quency, power, and pressure on the ability to detect cracks. Experimental results demonstrate that this inspection technique
can suitably detect concrete cracks: Ultrasound at frequencies from 20 to 100 kHz could be used to excite concrete cracks
with notable temperature rise; coarse aggregates in concrete do not interfere with the ability to detect cracks; high-power
ultrasound enhances crack detection though intense scattering of attenuation that could be induced by coarse aggregates.
Moreover, the stimulus horn designed as part of this study can input ultrasound at high power into concrete parts without
damaging the contact surface, while the custom-made pressure loading sleeve can steadily exert force on the transducer
during excitation; the optimal force exerted on KMD ultrasonic transducers with a rated power of 50 W is ~ 1500 N, which
can make the transducer output enough power to detect cracks.
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1 Introduction

The potential of a novel non-destructive technique called
vibrothermography which is used to detect surface and near
surface defects has aroused wide industrial interest [1];
this technique involves ultrasound stimulation that induces
a temperature gradient between defects and non-defective
areas in materials under inspection. The detection system
consists of an ultrasonic generator, ultrasonic transducer, and
infrared thermal imager. The ultrasonic generator converts
an electricity supply into a high-frequency alternating cur-
rent (AC) signal and inputs it to the ultrasonic transducer [2].
Transformed from the AC signal, mechanical fluctuations
in the ultrasonic frequency are generated by the transducer.
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Then, the ultrasound passes into the object to be inspected
through an interface between the object and the transducer.
When the ultrasound propagates through defects, heat is gen-
erated from the conversion of attenuated ultrasonic energy
and accumulates along defects in the form of a temperature
increase. The temperature field of the inspected object is
observed with an infrared thermal imager, and regions show-
ing a significant temperature rise are analysed with software
to identify the presence of detects.

Vibrothermography is advantageous in that large areas
around a single stimulation point can be inspected quickly;
thus, this technique has been widely researched. For exam-
ple, Cho et al. [3] applied vibrothermography to the detec-
tion of groove defects in copper and CFRP pipes; Mian et al.
[4] to assessing fatigue damage in graphite/epoxy compos-
ites; Guo et al. [5] to inspecting cracks in heavy alumin-
ium aircraft structures, effectively detecting closed cracks;
Robin et al. [6] to detecting emerging cracks in massive steel
components; and Piau et al. [7] to testing open microscopic
cracks in plasma-sprayed coatings that were fabricated via
a controlled bending test.

Concrete is widely used as a building material for
structural components. Cracking is a common defect that
occurs in concrete structures during their service life [8];
structural failure in key components such as girders or
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load-bearing columns can easily be induced by crack
expansion. Early detection of cracks—followed by appro-
priate repair—is essential to preventing crack expansion
and ensuring structural safety [9]. Cracking is a discon-
tinuous defect and is generally distributed in a disordered
manner in concrete structures. Discontinuous areas with
a high temperature rise can be distinguished by the naked
eye in a thermal image after several seconds of inspection;
thus, the shape and distribution of defects can be visually
displayed; this ability makes the application of vibrother-
mography to detecting concrete cracks worth researching.
In contrast to homogeneous and isotropic materials, such
as metals, polymer-based materials, composite materials,
and carbon-fibre-reinforced plastics, concrete—which is a
composite of sand and coarse aggregates embedded into a
cement paste matrix—cannot be assumed to be non-disper-
sive [10]. Concrete’s brittleness may allow a test surface
to be damaged by an excitation device before the excita-
tion waves have been input into the object to be inspected.
When excitation waves are transmitted into the object,
interactions with aggregates may modify the propagating
behaviour of the waves via multiple scattering, so that the
relevant attenuation of the waves accompanies the scatter-
ing [11, 12]. The attenuated energy is eventually converted
into heat; it is therefore likely that temperature increases
at defects are masked by those generated by interactions
with coarse aggregates.

Thus, in this study, the authors investigate the applica-
bility of vibrothermography to concrete crack detection.
Ultrasound excited systems are constituted, some with new
component designs. Excitation experiments conducted
focus on influence of the excitation frequency, power, and
pressure on crack detection ability. The results are ana-
lysed to ascertain the feasibility of applying this method
to crack detection in concrete.

Fig. 1 Acoustic-frequency
excitation system: a a com-
puter installed with acoustic-
frequency control software, b
power amplifier, ¢ G30 vibra-
tion generator _—

Control software
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2 Acoustic Excitation System

Three sets of acoustic excitation devices were developed and
used to inspect concrete cracks. Because coarse aggregates
exist in the cement paste matrix, ultrasound—with a fre-
quency higher than that of sound—can be easily attenuated
while propagating in the concrete. Therefore, an acoustic
generation system was established to output sound at fre-
quencies between 150 and 12,000 Hz. In accordance with
vibrothermography concepts applied to metals and compos-
ite materials, this study produced an ultrasonic excitation
system with a rated power of 50 W and tuneable frequen-
cies ranging from 20 to 100 kHz. In addition, should the
ultrasound energy generated from the 50 W transducer, after
attenuation by coarse aggregates in the concrete, be too low
to detect cracks, excitation experiments were also conducted
using a high-power 20 kHz ultrasonic excitation system that
is tuneable from 100 to 1000 W.

2.1 Acoustic-Frequency Excitation System

A transducer driven at a power of approximately 50 W has
been successfully applied to detecting tip cracks in an aero-
engine blade [13]; in accordance with these earlier results,
this study employed an acoustic generation system driving
a 60 W exciter. Figure 1 shows the system, which consisted
of control software installed in a computer that operated a
G30 vibration generator (with a power rating of 60 W) tune-
able to frequencies of 150-12000 Hz and a KONESAV-338
power amplifier with a rated power of 500 W that amplified
the electric signal output from the computer to drive the
G30 exciter. The G30 vibration generator (Gansu Tianxing
High-Tech Company in Lanzhou, China) is pressed on an
inspected object surface and outputs a continuous sinusoidal
wave. When conducting experiments, the actuator output
one-single-frequency wave at one experiment.
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2.2 Ultrasonic-Frequency Excitation System
with Tuneable Frequency

The ultrasonic generation system involved an ultrasonic
generator tuneable at frequencies between 28 and 100 kHz
with matching 28, 40, 68, 80, and 100 kHz transducers with
a rated power of 50 W. Combined with the acoustic-fre-
quency excitation system, the ultrasonic system, featuring a
range of ultrasonic frequencies and a low output power, was
also used to explore the influence of excitation frequencies
(greater than 20 kHz) on the detection of cracks. The ultra-
sonic system is shown in Fig. 2. The ultrasonic generation
systems were manufactured by Shenzhen KMD Ultrasonic
Equipment Co., Ltd.; the transducers used in the following
experiments were KMD-2850, KMD-4050, KMD-6850,
KMD-8050, and KMD-10050 corresponding to excitation
frequencies of 28, 40, 68, 80, and 100 kHz, respectively.
Stable and durable excitation of the transducers is nec-
essary for excitation experiments [14]. Thus, it is critical
to appropriately attach the transducers to the object to be
inspected for all power ultrasound applications [15]. A
pressure loading sleeve was designed for the transducers
shown in Fig. 2, serving as an auxiliary device that is glued
on the object’s surface to firmly attach it to the sleeve and
enable subsequent load application. The sleeve consists
of a main structure and fabricated spacing rings. The lift-
able axle in the main structure, mounted with flanges, is
designed to exert force and spacing rings are designed to
match the various transducer diameters. With this sleeve,
forces generated on the object surface can be balanced. From
the force diagram in Fig. 2b, pressure F;, generated by the

__Ultrasonic generators

axle’s effect on the transducer, equalled tension F,, gener-
ated by the sleeve’s effect on the bonding surface. Hence,
forces exerted on a crack in the object did not increase after
the sleeve provided force on the transducer.

A 4.9 kN button force sensor was embedded between
the axle and transducer in the sleeve to measure the force
exerted on the transducer during excitation.

2.3 Ultrasonic-Frequency Excitation System
with High Excitation Power

The high-powered ultrasonic generation system was PLD-
6040, manufactured by Suzhou PLD Precision Machinery
Co., Ltd., which included an ultrasonic generator at a fre-
quency 20 kHz with a matching 20 kHz transducer with a
power range of 100—1000 W, as shown in Fig. 3. This system
was used to avoid failures in crack detection due to insuf-
ficient vibration displacements in the object to be inspected.

A pressure-controlled system was integrated in the
device; this system consisted of a magnetic valve, air cyl-
inder, air supply, and throttle valve. Together, the first three
components raise and lower the stimulus horn; the throttle
valve controls the total force exerted on the horn, as well as
its descent rate. The pressure-controlled system is driven by
a circuit board embedded in the ultrasound generator.

The stimulus horn, shown in Fig. 3d, was newly designed.
It is a key element of the ultrasonic excitation device [16].
The specific geometry and material of the horn influence
the function and operation of the transducers and control the
actual frequencies and amplitude of the output ultrasound
[15]. The horn’s material also determines whether ultrasonic

b

The main
structure
-

Force diagram
Pressure
loading
sleeve

7

7
//////////////////////////

Bonding surface

Fig.2 Ultrasonic excitation system with tuneable excitation frequen-
cies: a 28—40, 68-80, and 80-100 kHz ultrasonic generators, b pres-
sure loading sleeve and force diagram of its bonding surface, ¢ 4.9

kN button force sensor, d 28—100 kHz ultrasonic transducers with a
power rating of 50 W
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Fig.3 Ultrasonic excitation system with tuneable excitation power: a 20 kHz ultrasonic generator, b pressure-controlled system, ¢ excitation
table with controllable pressure, d decomposition of the transducer and stimulus horn

Table 1 Concrete mix
proportions

Strength design grade Water—cement ratio Slump (mm) Sand rate (%) Amount of material used per

cubic meter concrete (kg)

Water Cement Sand Stone

C30 0.52

55-70 335 205 398 605 1202

energy could be transmitted into concrete, as well as the
degree of dissipation in ultrasonic energy when propagating
through the horn. Given the acoustical impedance character-
istics of concrete materials, an aluminium alloy was selected
for the horn. The horn was designed to be symmetrical about
the horizontal plane, to eliminate parasitic transversal vibra-
tion components along the vertical direction [15]. In addi-
tion, the stepped cylinder form of the horn permits the high-
est possible ultrasonic amplification [17]. The length of the
horn is 130 mm and the ratio between the upper and lower
parts is 0.53: the diameter of the upper section is 78 mm and
the diameter of the working end of the lower part is 45 mm.

3 Acoustic Excitation Experiments
3.1 Test Samples

Concrete and cement mortar were used to fabricate the
experimental samples. Concrete samples consisted of ordi-
nary Portland cement (P.O. 42.5) with 5-31.5 mm gravel and
continuous gradation; the mix proportions are presented in
Table 1. Cement mortar samples (P.O. 42.5) were prepared
with water—cement and cement—sand ratios of 1:2 and 1:3,
respectively; ISO standard sand complying with GB178-77
was used as fine aggregate [18]. The mixture proportions
are shown in Table 2.

Two kinds of C30 concrete samples containing
cracks fabricated using different loading method were

@ Springer

Table 2 Cement mortar mix

tions in ke/m? Cement Fine aggregate Water
proportions in kg/m

586 1758 298

used in these experiments. Using three-point bend-
ing, a transverse crack was produced in the middle of
a 250 mm X 100 mm X 100 mm sample that penetrated
the upper surface of the sample, shown in Fig. 4a. A
transverse crack was also produced in the middle of a
430 mm X400 mm X 100 mm specimen, this time using the
wedge-splitting method, and is shown in Fig. 4b. Although
both samples contained transverse cracks, they were not bro-
ken apart entirely. A 250 mm X 100 mm X 100 mm cement
mortar sample with no cracks was also used.

The dimensions of cracks on the monitoring surface of
the samples are shown in Table 3. The directions of the crack
widths, lengths, and depths in the samples are defined in the
coordinate systems in Fig. 4. Because the width of the sur-
face crack varied along its length, it was hard to identify the
width of each point in the surface crack. Therefore, only the
ranges of the surface crack’s width were measured, which
was sufficient for qualitative analysis of crack detection abil-
ity at various excitation frequencies.

3.2 Thermal Image Acquisition System

A TH9100MV infrared thermal imager, which included
an uncooled focal plane array detector (NEC) featuring a
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320 % 240 pixel focal plane array and a frame frequency of
60 frames/s, was used to capture the temperature fields of
the sample. The imager had a precision of 0.06 °C within the
range of 0-250 °C [19]. Data from the thermal images were
acquired with InReC Analyzer NS9500 standard software.
The temperature field acquisition system is shown in Fig. 5.

3.3 Experiment Context

Concrete crack detection using vibrothermography was
investigated considering three factors: excitation frequency,

Fig.4 Test samples: a concrete
sample cracked by pressure
loading (sample 1), b concrete
sample cracked by split-tension
loading (sample 2), ¢ intact
cement mortar sample (sample
3)

Upper surface

Width

Crack
coordinate
system

Table 3 Parameters of cracks on monitoring surface

power, and pressure. Sound and ultrasound are mechanical
waves that generate compression and shear movements in
concrete [20]. To mark defects in thermal images, vibrother-
mography relies on conversion of the attenuated mechanical
waves that accumulate in defects into heat. Frequency and
amplitude are important physical parameters of the mechani-
cal waves that characterize the fluctuation state of the waves
that influence heat generation. The excitation frequency
determines the frequency of the mechanical wave transmit-
ted in the object to be inspected; the excitation power and
pressure influence the amplitude of this wave. Therefore,

Crack
coordinate
system

Depth

Length

No. Loading method Orientation

Depth (mm) Length (mm) Width (mm)

1 Pressure loading
upper surface to the lower surface

2 Split-tension loading Penetrating through the sample along its depth, originating from the 100

Penetrating through the sample along its depth and expanding from the =~ 100

~100 0.06-0.23

~350 0.03-0.38

precast crack and expanding obliquely upward along the sample length

Fig.5 Temperature field acqui-

sition system: a TH9100MV a
infrared thermal imager, b

InReC Analyzer NS9500PRO

standard software
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the feasibility of vibrothermography for detecting concrete
cracks can be verified by conducting excitation experiments
surrounding the key parameters. In addition, numerous inter-
faces exist between the coarse aggregates and cement paste
matrix, potentially causing the interface to interfere with the
detection of cracks, as the interfaces can convert ultrasound
energy into heat. Therefore, a cement mortar sample was
excited for comparison with the concrete samples.

First, excitation waves at frequencies ranging from sonic
to ultrasonic were generated for use on samples 1 and 3.
The acoustic generation device was used to output continu-
ous waves at frequencies between 150 and 12,000 Hz, and
the ultrasonic generation device was used to generate ultra-
sounds of 28, 40, 68, 80, and 100 kHz. When the acous-
tic generation device was used, the excitation frequencies
increased at intervals of 1000 Hz from 150 to 12,000 Hz,
so that twelve sets of acoustic-excitation experiments were
conducted.

Second, excitation waves with low and high power were
generated for use on sample 2. Ultrasounds of 20 kHz were
generated by the ultrasonic transducer at powers of 200, 300,
and 600 W. The experiments were used to examine whether
the horn could input high-power ultrasound into the samples
without damaging the test surface and to determine the influ-
ence of high excitation power on crack detection.

Third, vibrothermography results often suffer from bad
repeatability due to the force exerted on the transducer
[14], so the influence of the excitation force on crack detec-
tion was studied using sample 2. The tuneable-frequency

ultrasonic generation device that matched transducers with
arated power of 50 W was used. Transducers were operated
with an applied force from 500 to 2500 N, in increments of
500 N. A pressure loading sleeve was glued on the sample
surface for secure attachment and to apply force.

Only a single-frequency ultrasound was used in each exci-
tation experiment because corresponding ultrasonic devices
were convenient and commercially available [21]. In addi-
tion, as tight contact is beneficial for efficiently imparting
ultrasound energy into samples (reducing harmonic genera-
tion from hammering effects of the transducer into the sam-
ple surface) [22], the transducers were placed on a smooth
clean sample surface and force was exerted on the transduc-
ers during the excitation experiments.

4 Results and Discussion
4.1 Excitation Frequency

As mentioned previously, twelve groups of acoustic-exci-
tation and five groups of ultrasonic-excitation experiments
were conducted on sample 1 and five groups of ultrasonic-
excitation experiments on the cement mortar sample 3
were conducted. The experimental conditions are shown
in Table 4. The cement mortar sample was used to con-
duct contrast tests, so the conditions of only one excitation
experiment (68 kHz excitation experiment chosen from
experiments with excitation frequencies of 28, 40, 68, 80,

Table 4 Excitation experiment No

- Sample Excitation fre- Excitation Contact force RMS current (A) Output
conditions tested quency (kHz) time (s) (kN) power
(W)
1 1 0.15 15 2 ~0.6 ~80
1.15
2.15
3.15
4.15
5.15
6.15
7.15
8.15
9.15
10.15
11.15
2 1 28 15 2 0.21 ~75
3 1 40 15 2 0.23 ~80
4 1 68 15 2 0.18 ~50
5 1 80 15 2 0.24 ~60
6 1 100 15 2 0.23 ~55
7 3 68 15 2 0.18 ~50
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and 100 kHz) are shown in Table 4. Different excitation
positions were tried; when the excitation transducers were
placed across the crack in its width direction on the sample’s
upper surface, notable temperature rises appeared in crack
regions on the monitoring surface.

Results of excitation experiments are shown in the ther-
mal images in Fig. 6. The thermal images were captured
when the excitation lasted 15 s. Figure 6a shows a thermal
image of sample 1 captured before excitation as a refer-
ence for those captured during excitation. Twelve groups of
acoustic-excitation experiments (experiment 1 in Table 4)
showed no significant differences; representative thermal
images are shown in Fig. 6b. The cement mortar sample
excited by 68 kHz ultrasound chosen as representative is
shown in Fig. 6h.

In Fig. 6b, no notable areas of temperature increase could
be discerned by the naked eye, whereas in Fig. 6¢c—g, areas

Fig.6 Thermal images of
acoustic and ultrasonic excita-
tion [a—g excitation of the
concrete sample, h excitation of
the cement mortar sample]: a
initial state before excitation, b
150-12000 Hz sound, ¢ 28 kHz
ultrasound, d 40 kHz ultra-
sound, e 68 kHz ultrasound, f
80 kHz ultrasound, g 100 kHz
ultrasound, h 68 kHz ultrasound

that contained cracks were excited with significant tem-
perature rise. For example, the temperature of the crack
was ~ 1.96 °C higher than that of the surrounding intact areas
in Fig. 6¢c,~2.01 °C higher in Fig. 6d,~1.28 °C higher in
Fig. 6e,~1.78 °C higher in Fig. 6f, and ~1.75 °C higher in
Fig. 6g. These temperature rises could be discerned by the
naked eye. As per the experiment conditions in Table 4, exci-
tation all lasted for 15 s and the output power of the acoustic
generation device was no less than that of the ultrasound
generation device. Thus, it can be inferred that mechanical
waves of the ultrasonic frequencies could detect concrete
cracks; further, they are more suitable to detecting concrete
cracks with mouth-opening widths ranging from 0.06 to
0.23 mm than those of acoustic frequencies.

Comparing Fig. 6c—g with Fig. 6h, the intact areas in
concrete sample 1 and cement mortar sample 3 both dem-
onstrated a relatively uniform temperature and the colour
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reflected by the temperature value in the thermal image
could be regarded as the background colour of the cracked
areas, even though the intact areas of sample 1 were full of
coarse aggregates. It can be inferred that the coarse aggre-
gates embedded in the cement paste matrix did not interfere
with the crack detection ability of vibrothermography.

4.2 Excitation Power

Figure 7 shows the thermal images of concrete sample 2
excited by 20 kHz ultrasound with different powers. Fig-
ure 7b shows that the sample was excited by ultrasound with
a power of 200 W for 3 s, Fig. 7c excited with 300 W for 2 s
and Fig. 7d excited with 600 W power for 1 s. The pre-cast
crack was excited with a temperature increase that could
be discerned by the naked eye in the three thermal images;
furthermore, the crack appeared increasingly distinctly from
Fig. 7b—d (the crack temperature was 0.3—0.6 °C higher than
the surrounding area in Fig. 7b, 0.5-0.8 °C higher in Fig. 7c,
and 0.8-2.4 °C higher in Fig. 7d). It can be inferred that
vibration displacements led by the 600 W excitation power
in Fig. 7d were sufficiently larger, making the crack lighter
than those in Fig. 7b, c. The results clearly show that high-
power excitation is beneficial for detecting cracks in con-
crete, despite the excitation leading to intense attenuation of
the ultrasound by coarse aggregate scattering.

As almost the whole crack was marked with clearly
detectable temperature increases and the contact surface on

Fig.7 Thermal images of ultra-
sonic excitation with different
powers: a initial state before
excitation b 200 W power exci-
tation for 3 s, ¢ 300 W power
excitation for 2 s, d 600 W
power excitation for 1 s

@ Springer

sample 2 was intact, it can be noted that the stimulus horn
of the ultrasonic generating device succeeded in inputting
high-power ultrasound into the sample without damaging the
contact surface between the horn and the sample.

4.3 Excitation Pressure

The 40 kHz transducer with a rated power of 50 W was used
to conduct excitation experiments for a representative case.
Five groups of experiments were conducted with increasing
force at intervals of 500 N from 500 to 2500 N. Thermal
images were captured when the sample was excited for 30 s
and are shown in Fig. 8. As duration of the excitation was
30 s, heat generated by the working transducers diffused into
the samples and accumulated, which resulted in remarkable
temperature rise concentrating at the excitation position.
The temperature increase of the crack in Fig. 8 differed
across cases. When the sample was excited at forces of
500 N and 2500 N, the crack showed almost no temperature
rise. At forces of 1000 N or 2000 N, the crack produced a
temperature rise that could be discerned by the naked eye
in the thermal image (the crack temperature was 0.2-0.6 °C
higher than the surrounding area in Fig. 7c and 0.2-0.7 °C
higher in Fig. 7e). For the sample excited at a force of
1500 N, the temperature rise of the crack was high and could
be easily discerned (the crack temperature was 0.4-0.9 °C
higher than the surrounding area). The results show that the
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Fig.8 Thermal images of ultra-
sonic excitation under several
forces: a initial state before
excitation, b 500 N, ¢ 1000 N, d
1500 N, e 2000 N, f 2500 N

concrete crack detection ability of vibrothermography is also
influenced by excitation pressure.

According to the loading properties of the sleeve, the
applied force was balanced on the inspected object’s sur-
face, so that force on the crack in sample 2 did not increase.
Impedance matching was implemented to link the electri-
cal driving system (the ultrasonic generator) and the trans-
ducer to improve transmission efficiency [23, 24], which can
clarify why the temperature increase in cracks varied with
excitation pressure. The transducer impedance can vary dur-
ing excitation [25]; dynamic resistance of the 50 W KMD
transducer increased with the increasing pressure exerted
on the transducer [26]. When the transducer impedance
reached a proper value relative to the internal resistance of
the ultrasonic generator, the output power of the transducer
was maximized. It is likely that when the 1500 N force was
exerted on the transducer, satisfactory electrical matching
of the transducer and ultrasonic generator was ensured, so
that the transducer was at its optimum operation position.

Transducers of other frequencies (28, 68, 80, and
100 kHz), with a rated power of 50 W, displayed almost the
same tendency shown in Fig. 8 when forces between 500 and
2500 N were applied. In addition, readings from the button
force sensor were constant in each experiment. Therefore,
crack detection ability improved when a force of ~ 1500 N
was applied on KMD ultrasonic transducers with a power
rating of 50 W; the custom pressure loading sleeve steadily
exerted force on the transducers during excitation.

5 Conclusions

This study investigated the application of vibrothermogra-
phy to the detection of cracks in concrete. Acoustic excita-
tion systems, including acoustic-frequency and ultrasonic-
frequency generating systems, were designed with which
to conduct excitation experiments. Pre-cracked concrete
samples were inspected in excitation experiments that were
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conducted at varying excitation frequencies, powers, and
pressures. The obtained results demonstrate the following:

e Vibrothermography can be applied to detecting cracks
in concrete parts. Experimental evidence is presented to
verify that ultrasound at frequencies from 20 to 100 kHz
could be used to excite concrete cracks, producing a nota-
ble temperature rise. Scattering attenuation by coarse
aggregates embedded into the cement paste matrix led
to uniform distribution of the heat converted from the
attenuated ultrasound energy in the concrete; the tem-
perature rise in the cracks was not masked and could be
discerned in thermal images.

e The newly designed stimulus horn succeeded in input-
ting the ultrasound at high power levels into concrete
parts without damaging the contact surface between the
horn and concrete. In addition, the high-power ultrasound
indeed enhanced the ability to detect cracks, even though
intense scattering attenuation could be also induced by
coarse aggregates.

e The custom-made pressure loading sleeve could steadily
exert force on the 50 W KMD transducer at frequencies
of 28, 40, 68, 80, and 100 kHz during excitation. The
optimal force for detection by the 50 W KMD transduc-
ers was approximately 1500 N.

This work verified the ability of vibrothermography to
detect cracks in concrete, looking toward the ultimate goal
of controlling such cracks. Further avenues for research may
include exploring the heat-generating mechanisms of the
vibrating concrete cracks; enlarging the detection ranges of
current technology; and clarifying the relationship between
temperature increases and crack opening widths, which can
be conducted, for example, by exerting tensile or compres-
sive forces on cracks to examine how asperity-contact-gener-
ated heating can be turned on or off [27], and by using a mix
of frequencies or a frequency-modulated sinusoidal wave
(instead of mono-frequent excitation) to investigate whether
low-power stimulation may produce detectable temperature
signals at cracks in concrete [22].

Funding This work was supported by the National Natural Sci-
ence Foundation of China (Grant No. 51527811) and the National
Key Research and Development Plan of China (Grant No.
2016YFC0401610).
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