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Abstract

This study investigates the non-destructive detection of delaminations in concrete plates using non-contact laser ablation,
instead of the conventional hammer excitation, as part of the impact echo method. We performed tests on five concrete
specimens of different sizes, two of which contained artificial delaminations. A range of steel ball hammers was used as
reference impulse sources, the responses of which were compared with wave excitation generated by a 7 ns pulsed 1064 nm
Nd:YAG laser with 150 mJ pulse energy. Signals were recorded by surface-mounted accelerometers and two contactless
methods: microphones and a laser Doppler vibrometer. The laser generates frequencies across a broad range of frequencies
(0 to 150 kHz) but with much less energy than the hammers’ narrower frequency spectra; the laser pulse energy transferred
into the specimen is 0.07 mJ, corresponding to about 0.5 %o of the impulse source energy. Because of this, the thick intact
plates’ characteristic thickness stretch resonance frequency can be reliably detected by the hammer excitations but not when
using laser excitation. However, the laser can excite low-frequency flexural vibration modes over a shallow delamination at

3 cm depth. The low-frequency flexural vibration results are verified by numerical natural frequency analysis.
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1 Background Information

Impact echo (IE) is a well-established non-destructive testing
method for delamination detection and thickness measure-
ment of concrete structures, especially where access is only
available from one side [1]. In many applications, manual
application of the mechanical impact event required in IE
suffices because the area that needs to be tested is sufficiently
small, and inspection time is not a critical factor. In applica-
tions such as concrete pavements and concrete bridge decks,
however, manual testing is not feasible. In most cases, the
area is vast, and testing time must be kept as short as possible
because road closures must be minimized. Several IE testing
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devices have been developed over recent years and success-
fully applied in small and large surveys [2—4]. Common to all
these devices is that they rely on a mechanical impact event,
limiting the testing speed and preventing them from being
used in running traffic. To overcome the problem of limited
maximum speed because of the need for mechanical impact
events, we investigated a laser impulse source as a fast and
contactless alternative. In general, pulsed lasers can achieve
high excitation repetition rates to the MegaHertz range from
a single pulse. The nanosecond laser pulse duration can, in
theory, excite frequencies up to several MegaHertz, values
generally used for ultrasonic testing of metal elements but
which thus far have not been used in impact echo testing of
thick concrete plates [5]. The advantages of contactless appli-
cation, high repetition rates, and broad frequency content are
offset by the disadvantage of expected lower energy content
for each pulse provided by the laser source. We compared
steel ball hammers and laser excitation on five test specimens
to determine if and how laser ablation can be used for impact
echo testing in concrete. The objective of the current study
is to apply the research on contactless acoustics in cementi-
tious materials from previous studies to the non-destructive
testing method impact echo. Such studies, for instance, have
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investigated the attenuation and scattering of laser-generated
ultrasound in concrete [6, 7]. Mori et al. [8] in 2002 studied
contactless defect detection in concrete using shock waves
generated by a shock tube and showed that they could detect
shallow defects. Studies from Dai et al. [9, 10] investigated
an electric spark in combination with a parabolic reflector to
focus the pressure wave onto the surface, excite the thick-
ness resonance frequency and gain the resonance frequency
in a fully contactless way. A review of current contactless
NDT methods is given in Kaczmarek et al. [11] from 2016,
describing the benefits and challenges of non-contact sens-
ing with a focus on ultrasonic transducers. The work reported
here explores in detail the practical application of laser-based
impact echo for defect detection in concrete in terms of fre-
quency content and energy input of the excitations.

1.1 Impact Echo

The impact echo testing method was developed in the 1980s
by the National Institute of Standards and Technology and
Cornell University as a non-destructive testing technique
for plate-like concrete structures, such as bridge decks [1].
The standard impact echo testing method uses a mechani-
cal impact, usually from a hammer, to excite elastic waves
that set up vibrations. The first symmetric lamb mode (S1-
ZGV), also called the thickness stretch resonance frequency,
is excited in an intact plate, with the vibration motion hav-
ing an out-of-plane displacement that is, therefore, easily
measured on the surface. The thickness stretch resonance fre-
quency can be well approximated if the plate thickness and
P-wave velocity of the concrete are known. Over a delami-
nated area, i.e., an area in which a horizontal crack divides
an intact plate into two, low-frequency flexural vibration
modes may be excited in addition to the thickness resonance
frequency. The time domain signals are measured and trans-
formed into the frequency domain. Detailed theory can be
found in [12]. Oh & Popovics [13, 14] found that the flexural
vibration frequency for significant near-surface delamina-
tions (greater than 160 mmx 160 mm) falls below 6 kHz
in most cases. In contrast, the thickness stretch resonance
frequency does not usually fall below 6 kHz because the
plate thickness, for example, of a bridge deck, usually is in
the range of (20 to 30) cm. In most cases, it is thus suf-
ficient to look at the low-frequency responses to identify
delamination defects, but deep-lying delaminations could be
missed in cases involving thick bridge decks. In our experi-
ments, the excited signals are recorded with surface-mounted
accelerometers and in a non-contact manner using micro-
phones and a laser Doppler vibrometer (LDV). To compare
the excitation of the hammer and laser, we need to compare
the energy transfer into the specimen and the frequencies
excited in the specimen. Suppose we assume the hammer
represents the free fall of an object. In that case, the energy
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transfer can be simplified as the potential energy of the ham-
mer assuming a perfectly elastic collision where all of the
hammer’s kinetic energy is transferred into the specimen
without internal losses: Epot = m x g x Ah, where m is the
mass of the hammer, g is the acceleration due to gravity, and
Ah is the height difference between the height from which
the object was dropped and the height to which it rebounded.
This approximation was also described by Sansalone in 1997
[15]. Based on the thickness of the concrete plate to be tested,
steel ball hammers with a tip diameter of (5 to 20) mm are
commonly used in IE testing. When dropped from a height
of 50 cm, energy in the range of (1 to 40) mJ is converted and
transferred into the specimen. The frequencies created in the
specimen are almost exclusively related to the diameter of
the steel tip and range up to 50 kHz [16]. A large-diameter
steel tip will have a longer contact time (¢.) with the surface,
and the generated elastic waves will have a high energy broad
pulse with a narrow frequency band. By comparison, a small
diameter steel tip will excite a wide frequency band with a
narrow pulse and lower energy. Best practice examples show
that frequencies up to finax = 1.25/f. can be used [17].

1.2 Laser-Generated Elastic Waves

There are three known ways in which laser impulses are used
to generate elastic waves in solids. The first is laser ablation,
where a small part of the surface is ablated, i.e., blasted off
due to thermal stresses created by the laser light. The detailed
photophysical and photochemical mechanisms of ablation
are not described here, but the interested reader is referred to
Biuerle and von Allmen [18, 19]. The second is the thermoa-
coustic effect, in which a sub-volume of a sample is rapidly
heated up by laser irradiation resulting in thermal expansion
and, consequently, a generation of elastic waves in the spec-
imen [20, 21]. The third is the photoacoustic effect, in which
the interaction of photons with the specimen surface gener-
ates elastic waves [22]. The highest energy transfer into the
specimen is achieved using ablation because of the recoil
effect from the ablated material. The laser used in this exper-
iment is a 1064 nm Nd:YAG laser, generally used for laser
cleaning applications, with a nominal pulse energy of 300 mJ
and a pulse duration of 7 ns. The minimum energy needed
to achieve an ablation is called the ablation threshold and
depends on the laser wavelength, pulse duration, and mate-
rial properties [23, 24]. Highly absorbent materials such as
metals require lower energy input to achieve ablation, while
more transparent materials such as glass and ceramics require
higher energy input. During ablation, the material typically
undergoes a phase change, depending on the laser and mate-
rial parameters, from the solid phase to a melt or directly to
a gas and plasma phase [23]. The recoil created by the abla-
tion injects energy into the specimen. However, we cannot
use the same assumption for mechanical hammer impacts,
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namely that the potential pulse energy (Epot) is fully con-
verted into elastic wave energy. One reason is that the 7 ns
laser pulse duration does not result in a 7 ns long energy input
into the material. Wilsch [25] showed with Laser Induced
Breakdown Spectroscopy (LIBS) experiments that a plasma
could exist for 100 ms after the start of interaction with the
laser. The contact time is therefore not equal to the pulse
duration, but rather is longer. Mikami et al. [26] also found
that the theoretically expected excited high frequencies gen-
erated by laser ablation cannot be measured in a concrete
plate. Furthermore, when the surface is impinged by laser
irradiation, the electrons of the substrate material (concrete)
absorb the energy and ionize the atoms, leading to the forma-
tion of a plasma. This plasma shields the substrate from the
further incoming laser light and thereby reduces the received
energy [18].

2 Materials and Methods

Laser and hammer excitation are compared with respect to
their ability to detect delaminations and excited frequencies
as well as energy transferred into the specimen. If not stated
otherwise in the following, the recorded analog signals were
digitized using a TiePie Handyscope HS4, sampling at a rate
of 500 kHz for a period of 40 ms, and stored on a hard drive.

2.1 Sensors and Sources

The setup for laser IE testing has a mirror arm for positioning.
A 200 mm focusing lens aligns the laser beam perpendicu-
lar to the concrete surface. We measured a pulse energy of
150 mJ at the aperture with an optical power meter, suggest-
ing that half of the energy is lost in the mirror arm. Five
different sensors were used in the study at varying speci-
mens. In the surface setup, with the excitation generated on
the surface of the specimens using the 5 mm, 8§ mm, and
10 mm steel ball hammers as well as the laser source, signals
were recorded with the PCB 325C33 accelerometer, PCB
352M66 accelerometer, Polytec laser Doppler vibrometer
(LDV) (OFV-5000 Vibrometer with OFV-505 sensor head),
PCB 378B02 condenser microphone at 3 cm separation from
the point of excitation. In the backside setup, where the exci-
tation is generated on the surface of the 15 cm cube specimen
using 5 mm, 8 mm, and 10 mm steel balls as well as the laser
source, signals are recorded on the backside using the PCB
352C33 accelerometer and LDV. However, it was impossi-
ble to measure any signal from the laser-excited waves using
the LDV on the backside of the specimen, so those data are
not reported. At the steel-reinforced slab, we used the Olsen
CTG-2 concrete thickness gauge for impact echo testing. A
description of the sensors used in the experiments is listed in
Table 1.

2.2 Test Execution

The recorded time signals were transformed in the frequency
domain and integrated with respect to frequency. We relate
the integrated area, i.e., the area under the curve up to
250 kHz, to the potential energy to find a value for the
energy transferred from the laser to the specimen. As we
use different mechanical impact sources, hammers, and steel
balls, we only work with the steel ball impact energy because
this can be precisely calculated. To quantify the laser energy
transferred into the specimen, we make use of the calculated
kinetic energy of the hammer and compare the signals from
hammer impact and laser ablation.

For the surface test configuration, we measure the sig-
nals on the intact plate surface next to the excitation with a
surface-mounted accelerometer, a microphone, and the LDV.
For the backside test configuration, we measure the signals
on the backside of a 15 cm concrete cube, where the sig-
nals are generated by dropping steel balls on the opposing
surface of the cube. The rebound height of the steel balls
was video recorded in slow-motion, and its values were sub-
tracted from the drop height with an estimated read-off error
of + 2 cm. The concrete cube was alternatively used because
we could not measure on the backside of the intact plate as
the plate was lying on the ground. Signals are transformed
into the frequency domain and then integrated with respect
to frequency using the trapezoidal integration sub-routine
in MATLAB. The integrated values from the hammers can
then be related to the previously calculated kinetic impulse
energy of the hammers. The integrated values of frequency
spectra generated by the laser are then used to determine
the relative laser energy. We can expect the surface waves to
have higher amplitude and frequency content than the body
waves that travel through 15 cm of concrete until they reach
the backside sensors. This is due to damping, scattering, and
geometrical spreading of the body waves in the specimen.
Frequency contents are estimated from the frequency spec-
tra. The two setups on the surface and the backside allow us
to compare frequency and energy content nearby the excita-
tion point and at a 15 cm distance. The expected thickness
resonance frequencies for the concrete specimens were cal-
culated using the free software Dispersion Calculator (DC)
[27]. To excite the thickness resonance frequency of the spe-
cific specimen, frequencies that match resonance frequency
are required with high energy content. For the delaminated
plate, intact plate, and cube specimen, which were all made
from the same concrete batch, the Poisson’s ratio was 0.2,
Young’s modulus 42 GPa, density 2400 kg / m?, and P-wave
velocity 4400 m / s.

The 3 cm deep delamination in the delaminated plate
vibrates in the frequency range of (1 to 5) kHz. A numer-
ical vibration analysis was run to compare experimental
results with simulated vibrations. The eigenfrequencies for
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Table 1 List of sources, sensors, and samples with dimensions and expected thickness stretch resonance frequency

Sources Sensors Samples Dimensions (I x w x h) Resonance frequency
(cm) (Hz)
Laser, PCB 352C33 (Acc), Intact plate 100 x 100 x 15 14 400
Steel ball hammers (5, 8, 10) mm ECDI\BI 378B02 (Mic), Delaminated plate 100 % 100 x 15 N/A
Delamination 40 x 40 x 3 70 000
Laser, PCB 352C33 (Acc), Steel-reinforced 120 x 120 x 20 10 500
Olson CTG-2 gauge PCB 378B02 (Mic), Slab
LDV
Laser, PCB 352C33 (Acc), Step wedge 1 40 x40 x 8 26 600
Steel ball hammers (5, 8, 10) mm PCB 352M66 (A.CC), Step wedge 2 40 x 40 x 12 17 760
PCB 378B02 (Mic),
LDV Step wedge 3 40 x 40 x 16 13 320
Laser, PCB 352C33 (Acc), Cube 15 x 15 x 15 13 700*
Steel balls (5, 8, 10) mm LDV
*Denotes an eigenfrequency of the cube specimen
100 100

the delaminated plate part 40 cm x 40 cm x 3 cm with
constrained (fixed) sides were numerically simulated in
COMSOL Multiphysics®. No excitation is given as input;
only the undamped free oscillation of the plate based on the
material properties is simulated. The predefined mesh-setting
Extra fine with a maximum element size of 1.4 cm consist-
ing of 27 744 tetrahedral elements. A finer mesh was tested
but only increased computing time and did not change the
results. Computing time for the first six natural frequencies
was 20 s on a workstation.

2.3 Samples

Overall, five specimens are used for testing in this study
with different purposes. The intact and delaminated con-
crete plates were used to investigate the detection capability
of a shallow delamination at 3 cm depth. We measured the
thickness resonance frequency at the intact plate and com-
pared the results to the delaminated plate. The step wedge
specimen was tested to see if the laser can excite thickness
resonance vibrations in the single steps of varying thickness.
The steel-reinforced slab specimen served the purpose of a
deep-lying delamination and an empty tendon duct and was
a fair comparison to the shallow delamination of the delami-
nated specimen. The cube specimen was used for energy and
frequency comparison of hammer and laser. A description of
each specimen and, if available, its resonance frequency is
listed in Table 1

The intact concrete plate specimen has dimensions (1 x
1 x 0.15) m. A drawing of the plate and the measurement
profile is given in Fig. 1 (left). The plate was struck along the
y-axis in a common offset configuration with 10 cm source
and receiver spacing, meaning that the source and receiver
are moved together 10 cm after each measurement.

@ Springer
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Fig. 1 Drawing of the intact plate (left) and delaminated plate (right).
Artificial 3 mm thick Styrofoam delamination located at a 3 cm depth,
indicated in turquoise. Red dashed lines denote the 2-D profile line.
Dimensions in cm

The delaminated concrete plate specimen is of the same
size as the intact plate but contains a (400 x 400 x 3)mm Sty-
rofoam plate at 3 cm depth. This is the standard design of an
artificial delamination as similar setups are chosen in Zhu &
Popovics and Oh et al. [13, 28]. The acoustic impedance con-
trast of styrofoam and concrete r ~ —1 and thus comparable
to the impedance contrast of concrete and air. Therefore, we
consider the plate a valid model of a delamination caused
by a horizontal air-filled crack. Laser and hammer excitation
was deployed along a profile across the plate center [Fig. 1
(right)]. A photo showing the testing setup using the laser
along with the PCB 352C33 accelerometer and PCB 378B02
microphone is displayed in Fig. 2.

The steel-reinforced slab specimen is a concrete plate with
dimensions (1.20 x 1.20 x 0.20)m and contains several arti-
ficial features. It incorporates a Styrofoam plate at 15 cm
depth, an empty metal tendon duct, and two steel bar rein-
forcement mats (see Fig. 3). The same specimen is used
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— 200 mm focusing
lens

PCB 378B02
microphone

PCB 352C33
accelerometer

Fig.2 Soliton LT-300 laser used for IE testing. The laser mirror arm
positions the laser beam through a focusing lens on the concrete surface.
PCB 352C33 accelerometer and PCB 378B02 microphone are used to
record signals on the surface and in the air, respectively. The bright spot
on the surface is the ablation that is visible to the human eye

[
<

120

Fig.3 Steel-reinforced slab specimen with built-in features. 5 cm thick
Styrofoam delamination at 15 cm depth indicated in turquoise. Empty
metal tendon duct indicated in orange. Upper and lower reinforcement
layers partially cover the tube and delamination. Dimensions are shown
in cm

by Niederleithinger et al. [29] for muon tomography imag-
ing of its interior, whose paper also includes photos of the
specimen. The calculated thickness resonance frequency is
approximately 10.5 kHz. The data reported here for this sam-
ple were collected by ABman and Biihling [30] using the
Olson CTG-2 system with a 5 cm testing grid spacing. Sig-
nals were recorded for 8 ms with a sampling rate of 1 MHz.

The step wedge specimen is a 2 m long and 40 cm wide
concrete wedge with five steps of varying thickness. The
first step is 8 cm high, and the step height increases in 4 cm

Fig. 4 Photo of the step wedge specimen lying on one side. In red, the
dimensions are shown in millimeters (Photo: BAM)

increments, i.e., the fifth and last step is 24 cm high (see
Fig. 4). Only the first three steps were used in the experiment
to determine whether the thickness frequency can be excited
by hammer and laser impulse, whereas only the first step
can be considered a plate with a lateral extension to thick-
ness ratio of 5:1. We used PCB 352C33 and PCB 352M66
accelerometers, a PCB 378B03 microphone, and the LDV as
sensors to record the hammer excitation. For the laser excita-
tion, we had to discard the microphone because we could not
mount it on the vertical surface alongside the laser beam and
used only the accelerometers and LDV. Sensors were placed
in the plate center, and hammer and laser excitation occurred
at a 3 cm separation using the surface configuration.

3 Results
3.1 Energy and Frequency Content

Signal energy is measured on the backside of the cube sample
using an accelerometer, and the integral area up to 250 kHz of
the associated FFT amplitude spectrum is computed. For the
case of the 5 mm steel ball source, the integrated amplitude
value is 10.0, and when this is divided by the (1.3 £ 0.2)
mJ impact energy, we obtain an integral area of 7.7 (+ 1.4/—
1.0) per mJ. The results from all wave sources are computed
in this manner and presented in Table 2. The mean integral
area for all three mechanical impactors is 4.4 (+ 0.7/— 0.5)
per mJ. To obtain the energy that the laser transfers into the
specimen, we divide the laser integral area of 0.29 by the
integral area of 4.4 (+ 0.7 /— 0.5) per mJ from the mechanical
impactors, which gives a laser energy of (0.07 + 0/— 0.1) mJ.
The experimentally determined transferred laser energy of
0.07 4+ 0/— 0.1 mJ divided by the nominal laser energy of
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Fig.5 Backside test configuration: frequencies excited by a laser abla-
tion, b 5 mm, and ¢ 15 mm steel ball hammer. Signals were measured
with a PCB 352C33 accelerometer on the backside of the 15 cm con-
crete cube. The laser ablation excites frequencies in the range of (0 to
80) kHz, while 5 mm and 15 mm steel ball hammers excite frequen-
cies in the range of (0 to 70) kHz and (0 to 25) kHz, respectively. All
spectra have their highest peak at 13.7 kHz, one of the cubes’ natural
frequencies. Note the different y-axis scales

150 m]J results to obtain a relative energy transfer of 0.4 to
0.5%o.

Frequencies generated by laser ablation in the range of
(0 to 80) kHz can be measured on the backside of the cube
the PCB 352C33 accelerometer (Fig. 5). The 5 mm hammer
excites frequencies in the range of (0 to 70) kHz, whereas
the frequencies generated by the 15 mm hammer lie in the
range of (0 to 25) kHz. The maximum power of the FFT is
8 x 10~ V for the laser, 0.06 for the 5 mm hammer, and 0.35
for the 15 mm hammer. Further, we can see that the laser and
the hammers excite one of the cubes’ natural frequencies at
13.7 kHz, which we verified by a natural frequency simula-
tion. This natural frequency strongly dominates the spectra,
which is why frequencies below 13.7 kHz are not clearly
visible.

Figure 6 shows the time signals using the laser ablation,
5 mm, and 15 mm steel ball hammer excitation sources where

Amplitude [V]
o
T

0 0.005 0.01 0.015 0.02

©
Time [s]

Fig.6 Time signals of a laser ablation, b 5 mm, and ¢ 15 mm steel ball
hammer on the surface of the 15 cm thick concrete plate measured at
3 cm separation from the point of impact using an LDV

the signals are recorded using the LDV. The laser signal dura-
tion is the shortest, with less than 1 ms and shows a sharp
peak. The 5 mm hammer vibration lasts 4 ms and shows a
clear signal onset and decay similar to the laser. The 15 mm
hammer vibration lasts over the entire signal length, but its
onset is less sharp, and no clear decay is visible.

When measuring the signal on the surface of the intact
plate with the LDV, the integral area of the laser is 1.45 and
lies between that of the 8 mm and 10 mm hammer. We do
not relate this integral area to the potential energy because a
hammer was used instead of a steel ball drop, and it is not
possible to assume that the ball drop and hammer strike have
the same power. Comparing the hammer and laser integral
area on the surface of the intact plate next to the receiver
with that on the backside of the cube, we see that less laser
energy reaches the backside. By contrast, the laser energy on
the surface is comparable to the § mm and 10 mm hammer.
From Fig. 7, we conclude that the laser ablation generates a
broad frequency band in the range of (0 to 150) kHz when
measured on the surface close to the sensor. In contrast, the
5 mm and 15 mm hammers excite frequencies between (0 to
50) kHz and (0 to 20) kHz, respectively.

Table 2 Potential energy and maximum usable frequency of steel balls and laser

Excitation Epot (m]) cube fmax (kHz) Int area cube Integral area/mJ
5 mm steel ball 1.3+0.2 29.1 10.0 7.7 (+ 1.4/— 1.0)
8 mm steel ball 6+0.5 36.4 18.1 3.0(+0.3/—0.2)
10 mm steel ball 11.2+1.2 58.2 28.6 2.6 (£0.3)

1064 nm Nd:YAG laser, E; = 150 mJ, t; = 7 ns 0.07 (+ 0/— 0.1) 80 to 150 0.29 4.1 (+0.7/—0)
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Fig.7 Surface test configuration: frequencies excited by a laser abla-
tion, b 5 mm, and ¢ 15 mm steel ball hammer impulse measured by LDV
on the surface of the 15 cm thick intact plate at 3 cm separation from the
point of excitation. The laser ablation shows evenly distributed power
in the range of (0 to 150) kHz. The 5 mm steel ball hammer excites
frequencies in the range of (0 to 50) kHz, while the 15 mm steel ball
hammer excites frequencies in the range of (0 to 20) kHz

Power normalized
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Fig. 8 Mean FFT of 49 signals recorded by PCB 352C33 accelerometer
(Acc), PCB 378B02 microphone (Mic), and laser Doppler vibrometer
(LDV). Excitation by laser impulse is located at the plate center of the
15 cm thick intact plate specimen using the surface configuration. Signal
recorded at 10 cm separation. The accelerometer shows its highest peak
at 14.7 kHz, the microphone at 250 Hz, and the LDV at 5250 Hz

3.2 Intact Plate

The mean frequency spectra of 49 signals excited by laser
impulse are shown in Fig. 8. The accelerometer records its
highest peak at 14.7 kHz, close to the expected thickness

Acc | :
09 ~ ~ Mic | I 1
[ LDV i 1 \I ]
08 i 1 ) I .
| o Il Il
0.7 I| i i I 7
:| il I: I
L I | | |
06 ?I s N ! |

Power normalized

IO AT Il
ity
1 v 4
il l”'“\h‘ﬂl’ln
" |
i "

8 10 12 14 16 18 20
Frequency [Hz] «10%

Fig.9 Mean FFT of 46 signals recorded by PCB 352C33 accelerometer
(Acc), PCB 378B02 microphone (Mic), and laser Doppler vibrometer
(LDV). Impulse from the 15 mm steel ball hammer is located at the plate
center of the 15 cm thick intact plate using the surface configuration.
Signal recorded at 10 cm separation. The expected thickness resonance
frequency is visible at approximately 14 kHz as the highest peak for
both the accelerometer and microphone. The LDV also shows a peak at
14 kHz, but its highest peak is at 650 Hz

resonance frequency. The microphone and the LDV show
their highest peaks at 250 Hz and 5250 Hz, respectively. The
accelerometer is thus the only sensor that records the thick-
ness resonance frequency when excited by laser impulse. We
relate the 250 Hz component of the microphone to the loud
ablation bang. The LDV might have suffered from reflectiv-
ity issues which could be why it did not record the thickness
resonance frequency. In comparison to the laser excitation,
Fig. 9 shows the mean frequency spectra of 46 signals excited
by a 15 mm hammer impulse. The accelerometer and micro-
phone have their maximum peaks at 14 kHz. The LDV shows
a peak at 14 kHz as well, but its highest peak is at 650 Hz.
The 650 Hz component is also visible in the other two sen-
sors but with less power alongside other modal vibrations
that are recorded by all sensors. All single measurements
combined into a 2-D scan can be seen in Fig. 10. The signals
are measured with the accelerometer, and the FFTs for each
location are normalized and color-coded: yellow stands for
the highest power and blue for the lowest. In the plate cen-
ter at position 50 cm, the thickness resonance frequency is
visible at 14 kHz when excited by the 15 mm hammer (see
Fig. 10a). At the plate sides, the maximum frequency drops
to 12.5 kHz. Figure 10b shows the results of the laser excita-
tion. No continuous frequency band at the expected 14 kHz
thickness resonance frequency is visible. Only at position
60 cm, one measurement shows its peak at 14.7 kHz.
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Fig. 10 2-D IE-scan of the 15 cm thick intact plate in the y-direction.
Excitation from 15 mm steel ball hammer (a) and laser (b) recorded by
a PCB 352C33 accelerometer at 10 cm separation. The hammer excites
the expected thickness resonance stretch frequency at approximately
14 kHz in the plate center at y = 50 cm. The laser excitation excites a
14.7 kHz frequency at y = 60 cm but nowhere else. Other frequency
peaks are below 2 kHz or above 16 kHz

3.3 Delaminated Plate

The signals generated by hammer and laser excitation,
recorded with the accelerometer, can be found in Figs. 11
and 12, respectively. The hammer-generated signal shows a
vibration that lasts over the entire signal length. In compar-
ison, the laser excitation signal shows a vibration only for
2 ms after signal onset. The average maximum amplitude of
the 38 hammer signals is 3.03 V. On the contrary, the average
maximum amplitude of the 14 laser signals is 0.11 V, which
is 28 times lower than that of the hammer. The results of the
1-D continuous wavelet transformation (CWT) are shown in
Figs. 11 and 12 for hammer and laser excitation, respectively.
The frequency and energy distribution over time show that
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Fig.11 1-D-CWT of the hammer signal recorded by PCB 352C33
accelerometer at the center of the 15 cm thick delaminated plate. The
signal shows vibrations over the whole length of the signal. The CWT
shows the highest energy at frequencies around 10 kHz at signal onset.
The 1250 Hz flexural frequency band is visible at the bottom (marked
in pink, dashed rectangle)
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Fig.12 1-D-CWT of the laser signal recorded by PCB 352C33
accelerometer at the center of the 15 cm thick delaminated plate. The
laser signal shows vibrations only for 2 ms after the signal onset. The
CWT shows the highest energy at frequencies around 15 kHz at signal
onset. The 1250 Hz flexural frequency band is only faintly visible at the
bottom (marked in pink, dashed rectangle)

most of the hammers’ excitation energy is present in fre-
quencies around 10 kHz. The 1250 Hz flexural vibration can
be seen at the bottom of the plot, framed in a pink, dashed
rectangle. In the first 6 ms after signal onset, the high energy
vibrations at about 10 kHz dominate over the low frequencies.
After the high frequencies vanish, the low-frequency flexural
vibrations stand out. The signal duration and the duration of
the 1250 Hz frequency band are similar. The CWT of the
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Fig. 13 Mean FFT of 38 signals recorded by PCB 352C33 accelerome-
ter (Acc), PCB 378B02 microphone (Mic), and Laser-Doppler Vibrom-
eter (LDV). Impulse from the 15 mm steel tip hammer is located at the
plate center of the 15 cm thick delaminated plate using the surface test
configuration. Signal recorded at 10 cm separation. No thickness reso-
nance frequency, expected at approximately 14 kHz, is visible. Instead,
low-frequency flexural vibrations can be seen at 1250 Hz and 4100 Hz
for all three sensors

laser signals shows that most energy is present in frequen-
cies around 15 kHz. The low-frequency flexural vibration at
1250 Hz is only faintly visible. From Fig. 12, we see that
the signal duration of the laser signal is about 2 ms while
the 1250 Hz frequency band of the CWT lasts for 20 ms, ten
times as long.

Figure 13 shows the mean frequency spectra of 38 hammer
impulse signals collected using the surface configuration. A
flexural vibration at 1250 Hz can be seen for all three sen-
sors. Further, a higher-order vibration mode can be seen at
4100 Hz in all sensors. All sensors are thus capable of mea-
suring low-frequency flexural vibration modes when excited
by the hammer. For comparison, Fig. 14 shows the mean fre-
quency spectra of 14 laser impulse signals collected using
the surface configuration. The flexural vibration at 1250 Hz
can only be seen for the accelerometer and LDV but not
for the microphone. The microphone has its highest peak at
275 Hz. The 2-D scan across the delaminated plate with ham-
mer and laser excitation is displayed in Fig. 15. Above the
delamination, between 30 and 70 cm, the thickness resonance
frequency disappears, and instead, a low-frequency flexural
vibration can be seen at 4100 Hz. Between 50 and 60 cm, the
lowest vibration mode of 1250 Hz is visible for both hammer
and laser excitation. While the hammer excitation shows the
thickness resonance frequency aside from the delamination,
the laser excitation only shows the flexural vibrations. Since
the energy of the low-frequency flexural vibrations from the

Fig. 14 Mean FFT of 14 signals recorded by PCB 352C33 accelerome-
ter (Acc), PCB 378B02 microphone (Mic), and laser Doppler vibrom-
eter (LDV) using the surface test configuration. Excitation from laser
impulse is located at the plate center of the 15 cm thick delaminated
plate. Signal recorded at 10 cm separation. No thickness resonance
frequency expected at approximately 14 kHz is visible. Instead, a
low-frequency flexural vibration can be seen at 1250 Hz for the
accelerometer and LDV but not for the microphone

laser excitation is so small, Fig. 15¢c shows a magnified por-
tion of the plate. None of the sensors could measure the
expected thickness resonance frequency of the 3 cm thick
delaminated part of approximately 70 kHz. The numerical
vibration analysis of the delaminated slab (40 x 40 x 3)cm
correlates well with the measured results (see Fig. 16). The
first natural frequency is found at 1285 Hz, a 35 Hz difference
from the measured experimental value of 1250 Hz. The fol-
lowing natural frequencies are 2524 Hz, 3608 Hz, 4308 Hz,
4340 Hz, and 5271 Hz. Analyzing the deformation location
of the first six natural frequencies shows that the first and
the fifth have their highest displacement at the plate center
where the accelerometer was placed. Therefore, we conclude
that the fifth natural frequency at 4340 Hz corresponds to the
measured 4100 Hz.

3.4 Steel-Reinforced Slab

Figure 17a shows a 2-D scan along the y-direction in the slab
center with hammer excitation by the Olson CTG-2 concrete
thickness gauge. Between (5 to 15) cm and (40 to 70) cm,
the thickness resonance frequency at approximately 10 kHzis
visible. At the location of the metal tendon duct at y = 30 cm,
frequencies at 7.8 kHz are visible at y = (25 to 40) cm. At the
location of the Styrofoam plate, that is, along the y-axis posi-
tion from (75 to 105) cm, the thickness resonance frequency
band is missing. Instead, the thickness resonance frequency
of the 15 cm thick delaminated area can be seen at 13.8 kHz.
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Fig. 15 2-D IE-scan of the 15 cm thick delaminated plate in the y-
direction. Excitation from 15 mm hammer (a) and laser (b, ¢), where ¢ is
a magnified sub-section of b. Signals were recorded by a PCB 352C33
accelerometer at 10 cm separation. At position y = (30 to 70) cm of
the artificial delamination, the 14 kHz thickness resonance frequency is
missing, and instead, low flexural vibrations at 1250 Hz and 4100 Hz
are present; this is visible with both hammer and laser excitation. The
frequency peaks of the flexural vibrations are very narrow (see Fig. 14),
as seen in ¢

@ Springer

A"

(b) 2524 Hz

{e) 4340 Hz

(f) 5271 Hz

Fig. 16 Mode shapes of the first six natural frequencies of the delam-
ination in the delaminated plate. The natural frequencies (a) 1285 Hz
and (e) 4340 Hz could be verified experimentally. The plate dimension
is (40 x 40 x 3) cm

Figure 17b shows a 2-D scan along the y-direction in the plate
center with laser excitation. Compared to the hammer exci-
tation, no thickness resonance frequency is visible at 10 kHz
for laser excitation. Most of the power seems to be randomly
distributed in the frequency range from (16 to 20) kHz. This
demonstrates that the 15 cm deep delamination in the speci-
men can be detected using the hammer but not with the laser
excitation. Further, at the location of the empty tendon duct,
no low frequencies can be seen.

3.5 Step Wedge

In the following, only the results for the PCB 352C33
accelerometer excited with a 5 mm steel ball hammer and
laser are shown. The 8 cm thick first step (Fig. 18) has a cal-
culated thickness resonance frequency of 26.6 kHz, which
is measured when struck with a 5 mm hammer at 26.1 kHz.
A second high and sharp peak at 7475 Hz is present in the
spectrum. The laser ablation does not excite the thickness
resonance frequency but shows its highest frequency peak at
20.2 kHz. With a thickness to lateral extension ratio of 1/5, the
first step of the step wedge specimen can be seen as a plate.
The thicker steps are not seen as plates, so their results are
not displayed. However, we can state that the thickness reso-
nance frequency could not be excited using the laser source at
steps two and three. In comparison, the hammer could excite
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Fig. 17 2-D IE scan of the 20 cm thick steel-reinforced slab in the y-
direction. Excitation by hammer (a) and laser (b). Signal recorded by a
PCB 352C33 accelerometer at 10 cm separation. The hammer excites
the expected thickness resonance frequency of the plate of 10 kHz at
positions y = (5 to 15 and 40 to 75) cm. At the position of the tendon
duct at y = 30 cm, frequencies at 7.8 kHz are visible. At the position
of the artificial delamination at y = (75 to 105) cm in 15 cm depth,
the thickness resonance frequency is missing. Instead, the thickness
resonance frequency of the 15 cm thick delamination at 13.8 kHz is
visible. The laser does not excite the thickness resonance frequency, and
most of the frequency peaks are above 16 kHz. No flexural vibration
modes can be seen here. Data for a obtained from Amann and Biihling
(30]

the thickness resonance frequency at these steps. The exper-
iment shows that the thickness resonance frequency cannot
be excited by a laser impulse even for the thinnest 8 cm first
step of the specimen. By contrast, the hammer accurately
excites the thickness resonance frequency with distinct, easy-
to-identify peaks in the FFT.
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|
© !
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Fig. 18 Mean FFT of 59 laser signals and 24 hammer signals measured
at the 8 cm thick first step of the step wedge specimen. The 5 mm
hammer excites the thickness resonance frequency at 26.1 kHz. The
laser does not excite the thickness resonance frequency but shows its
highest peak at 20.2 kHz

4 Discussion

The experimental results show that a laser source can
excite low-frequency flexural vibrations in concrete over a
shallow delamination. However, the full-thickness stretch
resonance frequency could only reliably be detected when
using mechanical hammer excitation. In the center of the
intact plate, the laser was able to excite the thickness stretch
resonance frequency. However, this excitation was only visi-
ble at one test location at the plate, and not in other specimens,
which is why we abstain from stating that the laser ablation
can excite the thickness resonance. The laser ablation energy
transfer into the specimen is a factor of 15 (5 mm steel ball)
to 177 (10 mm steel ball) less compared to the mechanical
impact. We suggest that this is the main reason why the thick-
ness resonance frequency is essentially not excited by the
laser excitation. Furthermore, the effect of the wave energy
radiation pattern of the laser source needs to be further inves-
tigated in future studies to see if the laser ablation exhibits
more, less, or equal energy on the surface than into the body.
The frequencies excited by the laser have a broader frequency
spectrum but lower energy content compared to the hammer
impacts (Figs. 5 and 7). Because wave attenuation is a lead-
ing cause of energy loss and acts on each cycle of vibration, a
rapid loss of energy results from the already low initial energy
input [7]. The signal can be recorded most reliably and with
the greatest sensitivity using a surface-mounted accelerom-
eter. Non-contact sensors such as microphones and the laser
Doppler vibrometer do not always record the expected reso-
nance frequency and are subject to higher noise levels. The
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LDV experienced issues with poor surface reflectivity and
surface roughness of concrete. Nevertheless, for non-contact
detection, the laser Doppler vibrometer is the better choice for
two reasons: (1) it can be used at significant offset distances,
for example, in tunnel settings, and it is not influenced by the
noise from ablation at the surface, and (2) contactless acous-
tic sensors may be disrupted by acoustic noise owing to the
ablation process, while LDVs are not because they directly
measure the surface movement. Although laser ablation dam-
ages the concrete surface at the microscopic scale, we still
consider the method as essentially non-destructive. The dam-
age is minimal, and no cracks have been observed to emerge
from the ablation location. This observation is supported
by others: experiments using laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS), where laser
ablation is used for the material characterization of concrete
samples, did not show cracks caused by ablation [31]. During
the casting process of the concrete specimens, we had dif-
ficulties positioning the Styrofoam plate at precisely 3 cm
depth because the plate was not externally fixed. There-
fore, the defect plate might have moved while pouring the
concrete. During the laser experiments, we experienced dif-
ficulties related to the rough surface of the concrete. Changes
in focal length of a few millimeters caused by surface rough-
ness led to an unfocused laser spot. An unfocused laser spot
can be detected immediately during the experiment as the
volume of the ablation decreases and is indicated by a lower
amplitude signal. The correct focal length can be ensured by
aprecise distance measurement and a lens height adjustment.
Using alonger focal length would lead to a longer focal point,
making defocusing less of a problem. The interaction of the
laser beam with concrete is a complex process, as the surface
consists of many different mineralogical phases and geomet-
ric shapes. In our experiments, the concrete surface color for
all four specimens was light gray, owing to a covering layer
of cement paste at the surface. We expect to find exposed
coarse aggregates on the surface of real-life concrete road
surfaces because of wearing degradation by passing vehicles.
The different material properties of the aggregates result in
changes in the laser ablation threshold; consequently, ener-
gies and frequencies transferred to the specimen could be
affected. During the laser ablation experiments, we occa-
sionally experienced a sudden decrease in signal amplitude.
This was caused by fine dust owing to the ablation event that
covered the focusing lens and hindered the passage of light
through the lens. Laser ablation dust and other airborne con-
tamination of sensitive optical instruments must be avoided.
In the worst case, this can lead to the destruction of the
lens and unwanted lateral laser light reflections that could
be harmful to humans.
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5 Conclusions

This study investigated the use of a laser ablation impact
echo technique to find delaminations in concrete plates. As
part of this work, the frequency and energy transfer from
the laser excitation into concrete specimens were studied.
We have shown that a laser impulse that causes surface
ablation in concrete can be used to excite low-frequency
vibrations over a shallow, 3 cm deep artificial delamination
in a concrete plate, i.e., we were able to detect the delamina-
tion using laser ablation using the impact echo technique.
These low-frequency flexural vibrations can be measured
with both surface-mounted accelerometers and contactless
laser Doppler vibrometers. The accelerometer provides a
higher signal-to-noise ratio but requires surface contact. The
LDV is contactless, but its sensitivity is negatively affected
by the rough concrete surface and its poor surface reflectivity.
However, the full thickness resonance frequency generated
by laser impulse could not be measured, not even in a plate
as thin as 8 cm. Similarly, deeper delaminations, such as the
15 cm Styrofoam plate in the steel-reinforced slab, could
not be detected by laser-induced impact echo. The find-
ings were compared and verified by using steel hammers
as mechanical-type impulse actuators. Using mechanical
impulse excitation, we were able to detect all delamina-
tions and also excite the thickness resonance frequency in
all specimens. The frequencies excited by laser ablation in
the specimens range from O to 150 kHz as measured on the
surface at 3 cm separation from the excitation point. After
traveling through 15 cm in concrete, however, the frequency
range excited by laser ablation reduces to 0 kHz to 80 kHz.
Consequently, the laser ablations’ inability to generate the
thickness resonance frequency vibration arises from the low
energy input. The necessary frequencies are present, how-
ever, with insufficient energy. A more powerful laser ablation
source should be studied to confirm this hypothesis. Further
studies should also focus on a general formulation of laser-
concrete interaction for elastic wave generation to better
understand the input energy limits and wave energy parti-
tion of laser-based excitation for concrete. Furthermore, the
influence of varying laser wavelengths and pulse durations
should be investigated.
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