Pre prints.org

Article Not peer-reviewed version

Non-Contact Damage Detection in
Concrete Using Laser Doppler
Vibrometry and Various Excitation
Methods

Michiel Arnouts "t , Jasper Laforce t , Steve Vanlanduit, Olivier De Moor , Nasser Ghaderi

Posted Date: 15 April 2026
doi: 10.20944/preprints202604.1078v1

Keywords: non-destructive testing (NDT); tunnel inspection; concrete; vibration-based methods;
laser doppler viborometer; mechanical excitation

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/5233015
https://sciprofiles.com/profile/5233016
https://sciprofiles.com/profile/428604
https://sciprofiles.com/profile/5235253
https://sciprofiles.com/profile/3528294
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 April 2026 d0i:10.20944/preprints202604.1078.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Non-Contact Damage Detection in Concrete Using
Laser Doppler Vibrometry and Various

Excitation Methods

Michiel Arnouts t*, Jasper Laforce Lt Gteve Vanlanduit 2, Olivier De Moor 3
and Nasser Ghaderi 2

InViLab Research Group, Electromechanical Engineering Technology, University of Antwerp, Groenenborgerlaan 171,
2020 Antwerp, Belgium

2 InViLab Research Group, University of Antwerp, Groenenborgerlaan 171, 2020 Antwerp, Belgium

3 CTO & Sales, KonneXXions BV, Grotesteenweg 261, 2600 Antwerp, Belgium

*  Correspondence: Michiel. Arnouts@student.uantwerpen.be (M.A.); Jasper.Laforce@student.uantwerpen.be (J.L.)
t These authors contributed equally to this work.

Abstract

A substantial share of reinforced-concrete infrastructure assets has reached an age where deterioration
mechanisms such as cracking, delamination, and voiding may develop, potentially increasing safety
risks and maintenance demands. Conventional condition assessment commonly relies on localized
intrusive testing (e.g. coring) and manual sounding, which can be disruptive, labour-intensive, and
partly subjective. Vibration-based non-destructive testing (NDT) provides an alternative by exciting
the structure and evaluating changes in its dynamic response. In contrast to previous studies, which
typically assess a single excitation method in isolation, this study provides a systematic side-by-side
comparison of three vibration-based NDT excitation approaches: mechanical impact using a custom
compressed-air impact device, acoustic excitation, and shaker excitation. All three methods were
evaluated under identical measurement conditions. The vibration response is measured using laser
Doppler vibrometry (LDV), enabling non-contact acquisition of frequency-response signatures. A
custom mechanical excitation device was developed and evaluated, and the results indicate that it
provides stable and repeatable excitation with good defect discrimination. Experiments on specimens
with representative defect types show that mechanical impact and shaker excitation yield the most
repeatable and discriminative response features, whereas acoustic excitation provides insufficient
signal-to-noise ratio (SNR) for the smallest tested specimens (150 x 150 x 150 mm). Among the
evaluated setups, the electrodynamic shaker and the compressed-air impact device offer the most
promising low-noise measurements. The goal is to enable efficient and scalable inspection methods for
safer and more reliable monitoring of reinforced-concrete infrastructure.

Keywords: non-destructive testing (NDT); tunnel inspection; concrete; vibration-based methods; laser
doppler vibrometer; mechanical excitation

1. Introduction

Many assets of reinforced-concrete infrastructure currently in service were built during the major
construction wave of the 1970s and 1980s; reinforced-concrete bridge decks constructed from the
mid-1970s to the late 1980s are a well-documented example of this aging asset stock [1,2]. More
recently, durability-oriented innovations have also been demonstrated on a field scale; for instance,
the first large-scale application of self-healing concrete in Belgium showed the practical potential of
such approaches [3]. Despite its inherent durability, concrete remains susceptible to deterioration over
time. It can develop cracks, voids, delamination, and other forms of internal deterioration [4]. These
deterioration processes are often driven or accelerated by environmental exposure and reinforcement
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corrosion (e.g. chloride ingress, carbonation), which can further compromise structural performance
and durability [5,6]. These defects gradually weaken the structure and, in severe cases, can pose safety
hazards, such as falling debris. To avoid such risks, reliable inspection methods are essential for timely
maintenance and repair planning [7].

Traditional inspections often rely on destructive testing, such as drilling cores, to assess mate-
rial condition. Although effective for detailed analysis, these methods cause local damage and are
not practical for frequent or large-scale monitoring. Moreover, access constraints and operational
disruptions can make extensive intrusive testing costly and difficult to deploy at scale [8]. In many
tunnels, inspections are still carried out manually, with workers tapping the lining with a hammer
and judging the sound by ear [9]. This approach is simple, but subjective, physically demanding and
difficult to standardize [10]. Field guidance also notes that hammer-sounding outcomes can be highly
operator-dependent and sensitive to ambient noise [11].

Non-destructive testing (NDT) methods offer an alternative that can be faster, repeatable, and
more objective [12]. For concrete, widely used NDT families include stress-wave methods (e.g.
impact-echo), ultrasonic techniques, GPR, and acoustic emission [8,13]. Vibration-based techniques,
in particular, can detect structural changes by measuring shifts in resonance frequencies, changes
in amplitude, and changes in mode shapes [14]. This aligns with the larger concept of structural
health monitoring (SHM), where damage-sensitive dynamic features are used for condition evalu-
ation, while accounting for environmental and operational variability [15,16]. When a structure is
excited mechanically, acoustically, or by a controlled shaker, its response carries information about
stiffness, mass distribution, and internal condition. To improve robustness and scalability, statistical
pattern recognition and machine-learning methods are increasingly applied for feature extraction and
classification in SHM/NDT [17-19].

Laser Doppler vibrometry (LDV) offers clear advantages for vibration-based damage detection in
concrete because it enables non-contact measurements without mass loading [20]. However, the effec-
tiveness of LDV-based assessment is strongly dependent on the excitation method, which influences the
amplitude, repeatability, and signal-to-noise ratio of the response. Therefore, this study compares three
excitation approaches for concrete defect detection using LDV: mechanical, acoustic, and shaker-based
excitation. In addition, a custom mechanical excitation device was designed and tested as a low-cost
alternative to commercial systems. Since both excitation type and coupling can strongly influence
signal-to-noise ratio and the observed resonance features, a comparative evaluation is required before
moving towards automated interpretation. By evaluating these approaches on concrete samples with
known defects, this work aims to identify methods that could eventually support automated, scalable,
and non-destructive inspection of concrete structures [21].

2. Materials and Methods
2.1. Materials

Firstly, concrete blocks were custom made to allow for small sample testing. The test samples
consisted of cubic concrete blocks with dimensions of 150 x 150 x 150 mm and an average mass
of 8.27 £ 0.057 kg. These blocks were cast with standard cement concrete and were used both as
reference samples and as modified samples containing artificial defects. All samples were produced
in-house at the SuPAR laboratory (University of Antwerp). Reusable rigid molds were used to obtain
the target cube geometry. Before casting, the mold surfaces were cleaned and lightly oiled to facilitate
demolding and reduce surface damage. The concrete mixture was prepared in batches using a standard
procedure: dry components were first mixed, after which water was added gradually while mixing
until a homogeneous consistency was obtained. To minimize trapped air and improve compaction,
the filled molds were placed on a vibration table during casting (vibration-assisted compaction),
after which the top surface was leveled. After demolding, the samples were stored under ambient
laboratory conditions at room temperature (~19 °C) for one month prior to testing. Artificial defects
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were introduced during casting by placing pre-defined inserts at specified locations in the molds,
ensuring repeatable defect geometry and positioning across specimens.

Figure 1. All of the concrete blocks that were prepared using the molds shown on
the left.

To simulate internal anomalies, certain blocks were prepared with embedded objects intended
to represent voids or delamination. These included a ping-pong ball with a diameter of 40 mm, a
polystyrene insert measuring 30 x 30 x 15 mm and a plastic capsule with a diameter of 32 mm and a
height of 45 mm, similar to those found inside Kinder’s toy-filled chocolate eggs. In addition to these
inclusions, two samples were deliberately cracked using a mechanical press to replicate the type of
damage that is often seen in aged or overstressed concrete structures. The applied load was carefully
controlled so that visible cracks on the surface formed without compromising the overall integrity of
the blocks.
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Figure 2. Overview of concrete test blocks with various defect types, including
cracks, voids (ping pong ball, styrofoam, plastic) and delaminations.

2.2. Mechanical Excitation

To generate vibrations in the concrete samples, two mechanical excitation techniques were inves-
tigated: impact excitation with an instrumented hammer (PCB Piezotronics Modally tuned hammer,
Model 086C03) and impulsive excitation using a small compressed air cannon. The hammer method
involved striking the surface of the sample with an instrumented hammer capable of producing a
broadband excitation from DC up to 10 kHz. The force of each impact was measured by a load cell
with a sensitivity of 2.2 mV /N, enabling the calculation of the frequency response function (FRF). This
made it possible to compare the FRFs of the different samples in both frequency and amplitude.

To test projectile excitation, the use of compressed air was proposed. The compressed air
guns/cannons on the market can only shoot very small projectiles, such as airsoft bullets, and they
proved to be quite expensive. The compressed air cannon, which was custom-built (Figure 3 (b,c)) for
this study with cheap materials, delivered a more powerful and consistent impulse than the hammer.
The device propelled an 8 g steel ball at an approximate velocity of 50 km/h using compressed air at 8
bar. The impact produced a strong and well-defined excitation signal. Initially, the measurement trig-
ger was provided by the laser Doppler vibrometer (LDV), but this proved to be sensitive to vibrations
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from nearby activity. The issue was resolved by enabling an external trigger to be synchronized with
the cannon firing. This approach ensured that each excitation was highly repeatable and had sufficient
energy to produce a clear vibrational response.

LDV with scanning head
PSV - 400

LDV with scanning head
PV - 400

Test specimen

pitzo hammer

Test specimen

pitzo hammer -

]

I Steel balls

Compressor

PSV workstation
PV workstation

(a) Schematic of the setup to induce vibrations using a . ) . . ) . .
(b) Schematic to induce vibrations using the improvised
modal hammer. . .

compressed air cannon with a pressure of 8 bar.

(c) Small improvised compressed air cannon
that was held at roughly the same position
for every excitation.

Figure 3. Setups of the mechanical excitation methods with the PSV-400 as
measuring device

2.3. Acoustic Excitation

Acoustic excitation was explored as a fully non-contact alternative for inducing vibrations that
was already proven to be successful for [9,14]. In this configuration, a smaller and less powerful
loudspeaker was used that emitted a sinusoidal sweep signal ranging from 3 kHz to 20 kHz with
an amplitude of 400 mV was generated using an integrated function generator. This signal was
then amplified to 20 V and transmitted to a loudspeaker positioned approximately 10 mm from the
sample surface. The purpose of this method was to excite the natural modes of vibration in the
concrete without any physical contact. The chosen frequency range was selected to encompass the
expected resonance frequencies of the samples, allowing for subsequent frequency response analysis. It
should be noted that the performance of the acoustic excitation approach may strongly depend on the
loudspeaker characteristics and sound-field focusing. The use of a more powerful or more directional
acoustic source may improve excitation efficiency and should be investigated in future work.
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Figure 4. Experimental setup for acoustic excitation using a 20 V amplitude signal over a frequency range of 3-20
kHz.

2.4. Shaker Excitation

In addition to mechanical and acoustic methods, electrodynamic excitation was applied using
two different shakers: a Vibration Exciter, type 4809 (Briiel & KjZ&r, NZErum, Denmark), and a Qlws
miniature surface-mounted shaker (Qsources, Liége, Belgium). The BRUEL & KJZR system was
initially used as a reference, operating over a frequency range from DC to 20 kHz. However, its
performance showed limitations at both ends of the spectrum, delivering a minimal input force below
6 kHz and a reduced excitation efficiency above 15 kHz. The Qsources Qlws shaker, by contrast,
offered several advantages for small-scale testing. Its low mass and compact form factor allowed it to
be mounted directly on the concrete surface with minimal influence on the sample’s mass. This direct
coupling improved the efficiency of force transmission and provided cleaner frequency response data
with fewer artifacts. In both shaker setups, the excitation force was measured by an integrated force
sensor and the vibrational response was recorded by the LDV. This allowed FRFs to be calculated,
enabling a detailed comparison between the excitation methods.

Table 1. Main specifications of the shakers used for electrodynamic excitation.

Device Manufacturer Model Range Remarks
. . . Briiel & Kjeer Reference shaker; limited below 6 kHz
Vibration Exciter Neerum, Denmark 4809 10 Hz-20 kHz and less efficient above 15 kHz.
Miniatur Qsources Ql Core: 250-8000 Hz  Low-noise measurements; suitable for
ature Liege, Belgium ws Extended: 63-12500 Hgmall-scale testing.
surface-mounted
shaker

Sources: Briiel & Kjeer Type 4809 product page [22]; Qsources Qlws product page [23].
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Figure 5. The schematic of the excitation by the big shaker with the PSV-400 as
measuring device.

2.5. Vibration Measurement Device

Vibration measurements were performed with the Polytec PSV-400 scanning vibrometer. A total
of 81 points were selected on the specimen surface. The number and distribution of points were chosen
to provide sufficient spatial resolution to capture the relevant vibration patterns while maintaining a
feasible measurement duration. Each point was measured 5 times and complex averaging was applied.
The minimum and maximum measurement frequencies were set to 3 kHz and 20 kHz, respectively.
Accordingly, the excitation range was limited to 3-20 kHz. This range was considered appropriate
for the 150 x 150 x 150 mm concrete specimens, for which distinct resonance peaks were observed
within this frequency band. Frequencies below 3 kHz showed significant measurement artifacts, which
reduced the reliability of the results. Limiting the analysis to frequencies above 3 kHz therefore ensured
a more reliable representation of the frequency response. Using 6400 FFT lines resulted in a frequency
resolution of 3.125 Hz.

Velocity was measured with a sensitivity of 5E-3 (m/s) /V and a sampling time of 320 ms. When
triggering was necessary, a BNC splitter was used. For the compressed air cannon, a trigger was set on
the signal measured by the LDV.

However, it should be noted that the dynamic response of full-scale concrete elements is expected
to differ from that of the small laboratory specimens used in this study. In larger structural components,
global resonance frequencies typically occur at lower frequencies, while increased modal density,
damping, and structural boundary effects, therefore, should be interpreted in the context of laboratory-
scale specimens, and further work is needed to assess how the excitation range and measurement
strategy should be adapted for full-scale concrete structures.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. A picture of the PSV-400 laserhead measuring the vibration of the concrete
block from the BRUEL & KJZR Vibration Exciter

3. Results
3.1. Shaker
3.1.1. BRUEL & KJZR Vibration Exciter

The BRUEL & KJZR Vibration Exciter was used to establish a baseline to compare the different
excitation methods. Initial measurements were performed on the healthy, delamination, and void
samples to assess whether the different conditions can be distinguished in the frequency domain. As
shown in Figure 7, the responses differ primarily through changes in the resonance peak frequencies.
Figure 7 compares the measured frequency responses for the three specimen conditions (healthy, void,
and delamination), where each condition exhibits a strong set of dominant peak frequencies across
the measured band. The delamination and void cases show additional and/or shifted peaks relative
to the healthy specimen, indicating a change in dynamic signature associated with the type of defect.
Because the measured velocity level can be influenced by excitation and coupling conditions (e.g.,
shaker input, stinger dynamics, and contact/ interface effects), the interpretation focuses primarily on
peak frequencies and their relative prominence under identical test settings rather than on absolute
amplitude values. Therefore, these peak-frequency patterns are used as the main comparative features
in the subsequent analysis.

Delamination

-120

Velocity Magnitude [0dB = 1mys]
——
=

P M ". ‘ o it ™ i \w MWWWW

P WM o i / w | r ﬂ‘t? M

A ‘ W{W{”’MMWWW M ‘V/ M*WNWM " MM‘(MMW‘MW' HWW * MWWWM
! wwwwww o

) s

Frequency [kHz]

Figure 7. The different FFT’s of the 3 types of samples, with a clear difference
between the frequencies at which peaks are located.

Analysis of the force sensor data at the tip of the stinger showed that the input energy was not
evenly distributed throughout the frequency range (Figure 8). In this setup, a stinger is a rod that
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mechanically connects the shaker to the specimen. Distinct peaks appeared at the eigenfrequencies
of the stinger itself, causing motion in the block not related to its own natural frequencies. This
effect highlights the necessity of using the frequency response function (FRF) when applying shaker
excitation. By relating the measured response to the input force, FRF analysis suppresses spurious
peaks in the frequency domain that occur in ranges with minimal input force, allowing for a more
accurate representation of the dynamic behavior of the sample.

One notable limitation of this shaker is its low excitation force in the lower frequency range
(Figure 9). For frequencies below approximately 6 kHz, the input force was minimal, making this
method unsuitable for larger structures, which tend to resonate at lower frequencies. Similarly,
excitation above 15 kHz was less effective, as evidenced by increased noise levels in the measurements.
Consequently, the optimal working range of the BRUEL & KJZR Vibration Exciter in this setup is
limited to approximately 6-15 kHz.

Magnitude [ ]

Frequency [kHz ]

Figure 8. Input shaker from 3 kHz to 15 kHz with a resonance frequency at 9.2 kHz.
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Figure 9. Measurement on sample 'Kinder egg void’ on the top left corner of the
sample with the BRUEL & KJZ&R Vibration Exciter. First natural frequency is at 8.8
kHz

3.1.2. Qsources Qlws Shaker

The Qsources Qlws shaker yielded considerably better results compared to the larger BRUEL &
KJZR system. Its compact size and low mass allowed it to be mounted directly on the surface of the
concrete block with minimal influence on the overall mass and stiffness of the structure. This direct
coupling resulted in efficient force transmission and clean FRF measurements.

The frequency response functions recorded with the Qsources shaker exhibited well-defined
eigenfrequencies and low background noise. Unlike the larger shaker, which introduced artifact peaks,
the Qsources data was free from such interference. The ease of repositioning this small shaker makes it
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https://doi.org/10.20944/preprints202604.1078.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 April 2026 d0i:10.20944/preprints202604.1078.v1

9o0f 16

possible to target specific locations on the specimen for rapid testing. The low noise floor and high
peak resolution observed confirm its suitability for small-scale structures and applications where quick
and repeatable measurements are required.

Before discussing the response of the defective speciments, it is useful to first identify the main
resonance peaks and the corresponding mode shapes of the reference block. These reference modes
provide a basis for interpreting the frequency-response changes observed in damaged samples. The
dominant peaks at 8.475, 11.884, and 15.29 kHz correspond to the mode shapes shown in Figure 11,
respectively.

Figure 12 shows the measured frequency response in the upper left corner of the "Kinder egg void"
specimen under Qsources shaker excitation. The response is dominated by a sharp resonance at 8.8
kHz, which is identified as the first natural frequency of this measurement point. Several additional
peaks are observed between approximately 11 and 20 kHz, indicating higher-order modes and/or
resonances of the coupled measurement chain.

e\
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Figure 10. The input force from Qsources shaker which is roughly evenly
distributed with a small peak at 19.5 kHz.
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Figure 11. Eigenmodes from a reference block obtained with Qsources shaker.
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Figure 12. Measurement of 'Kinder egg void’ on the top left corner of the sample
with Qsources shaker. First natural frequency at 8.8 kHz.

3.2. Mechanical
3.2.1. Hammer

The setup of the shakers takes some time and requires glue to attach the stinger to the samples.
Therefore, the instrumented hammer was tested to determine whether mechanical impact excitation
could produce usable data on the concrete samples. The main limitation of this method was the
relatively long impact duration, which restricted the excitation of higher frequencies. As shown in
Figure 13, the energy content at frequencies above 10 kHz was insufficient to excite the corresponding
resonant modes.

Although the FRF can improve the signal-to-noise ratio and partially address variability in the
impact force, the lack of repeatability remains problematic, especially when the hammer is operated
manually. This limitation also prevents the use of the hammer for surface scanning, as it is nearly
impossible to deliver identical impulses across multiple points while maintaining a short contact
duration. Consequently, the hammer is recommended only for situations in which low-frequency
response at a single location is of interest, but it is not suitable for the objectives of the present study
(Figure 14).

600
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=
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Magnitude [mM ]
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Frequency [kHz ]

Figure 13. The input force of the modal hammer is very low from 10 kHz.
Measurements of low frequencies can be made using this hammer.
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Figure 14. Measurement of 'Kinder egg void’ on the top left corner of the sample
with the modal hammer. Only the first natural frequency can be determined because
of the inefficient input force at higher frequencies.

3.2.2. Compressed Air Cannon

Unfortunately, shakers take a long time to set up and the hammer does not excite high enough
frequencies; that is why the small compressed air cannon proved to be a highly effective method to
mechanically excite the concrete samples. Operating at a pressure of 8 bar, the device propelled an 8 g
steel ball at a velocity of approximately 50 km/h, delivering a strong, short-duration impulse to the
sample surface. The resulting vibration responses, such as that shown in Figure 15, exhibited a high
signal-to-noise ratio and clear resonance peaks.

One of the key advantages of the cannon was that even a single impact provided reliable data
without the need for averaging multiple measurements. The high energy of the impulse is likely
responsible for exciting a wide range of structural modes, making the method particularly effective
for detecting subtle changes in the dynamic response. Compared to the hammer, the cannon offered
greater repeatability, higher frequency content, and a much clearer signal, although its repeatability
still does not match that of controlled shaker excitation.

401 T

Magnitude [pmys ]

Frequency [kHz ]

Figure 15. Measurement of 'Kinder egg void’ on the top left corner of the sample
with compressed air cannon. Higher natural frequencies are visible because of the
short impact time.
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3.3. Acoustic

Acoustic excitation, in the form of an amplified sinusoidal sweep directed at the sample surface,
did not produce satisfactory results under the test conditions in contrast to that of the compressed air
cannon. Despite adjustments to the frequency range and amplitude, the measured vibration responses
from the LDV were minimal or undetectable within the targeted range of DC to 20 kHz.

This lack of response is likely due to the limited acoustic power of the loudspeaker relative to the
mass of the concrete samples. The energy transferred through air coupling was insufficient to generate
detectable resonances. As shown in Figure 16, no distinct peaks could be identified in the frequency
response functions.

Although this method was ineffective for the small and dense samples used in the laboratory, it
may still hold potential for larger structures such as tunnel linings, provided that a sufficiently powerful
sound source—such as a Long-Range Acoustic Device (LRAD)—is used [14]. This possibility should
be explored before acoustic excitation is completely excluded from tunnel inspection applications.

L NS . S

5 . U . IS —

Magnitude [nmys]

Frequency [kHz ]

Figure 16. Measurement of 'Kinder egg void’ on the top left corner of the sample
with loudspeaker. The artifact peaks at 4.8 kHz and 5.4 kHz are much higher than
the natural frequencies which are barely visible.

4. Discussion

This study investigated how internal defects influence the vibrational characteristics of concrete
blocks, using different excitation techniques and recording the dynamic response with a laser Doppler
vibrometer (LDV). By embedding artificial defects such as voids, delamination, and cracks, and
comparing these modified specimens with intact reference blocks, it was possible to examine the
sensitivity of frequency-based measurements for defect detection.

An important observation across all measurements involving the shakers and loudspeaker was
the occurrence of artifact peaks at approximately 4.9 kHz and 5.7 kHz. These peaks appeared in all
measurements where the output of the junction box generator was used to control the excitation device.
This behavior was traced to an electrical error and is not related to the dynamic properties of the
samples. As such, these frequencies should be taken into account in the interpretation of the results.

The performance of the different excitation methods varied significantly, both in terms of signal-
to-noise ratio (SNR) and the ability to use a frequency response function (FRF) to suppress noise
and remove false peaks. The hammer, Qsources shaker and BRUEL & KJZR Vibration Exciter all
allowed FRF calculation, which improves the reliability of the data. In the case of the loudspeaker, an
FRF could be obtained by dividing the LDV-measured velocity by the input voltage. However, this
approach is not entirely accurate because the air gap between the speaker and the sample introduces
unequal damping across frequencies, altering the amplitude of the transmitted signal. In contrast,
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the compressed air cannon cannot be used directly to calculate an FRF because the input force is
not measured.

When comparing the two shaker systems, the BRUEL & KJZR exciter delivered higher peak
input power overall, but its frequency range was limited in practice. It struggled to excite frequencies
below 6 kHz and above 15 kHz, reducing its applicability for larger structures and higher-frequency
defect detection. The Qsources shaker, while producing lower peak input power, maintained effective
excitation across higher frequencies and delivered cleaner, artifact-free data, making it more versatile
for small-scale testing. For mechanical methods, the comparison between the hammer and the
compressed air cannon demonstrated a clear difference in frequency content and SNR. The hammer
produced responses dominated by lower frequencies, a direct consequence of its longer impact time,
and showed greater noise even when analyzed using an FRE. The compressed air cannon, on the other
hand, generated short-duration, high-energy impulses that excited a broader frequency range with
very high SNR. This suggests that the cannon is better suited for applications that require the detection
of fine structural details.

The comparison between the two best-performing methods—the Qsources shaker and the com-
pressed air cannon—revealed distinct trade-offs. Here, the signal-to-noise ratio (SNR) is defined
as the ratio between the response magnitude at a resonance peak and the surrounding noise floor
in a narrow frequency window around that peak (expressed in dB). Using this definition, the air
cannon generally yields a higher peak-to-noise floor contrast than the shaker in the measured spectra,
even without computing the FRFE. This may be due to the greater amount of energy imparted to the
sample, which excites additional structural features beyond the natural frequencies of the sample.
However, the repeatability of the cannon is inherently lower than that of the Qsources shaker. For
single-point measurements, where repeatability is less critical, the cannon may therefore be preferable.
In contrast, for applications requiring consistent excitation across multiple measurement locations,
such as scanning a larger surface, the Qsources shaker offers a more reliable solution.
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Figure 17. Measurement of 'Kinder egg void’ on the top left corner of the sample:

Qsources(blue) vs Air compressed cannon(red) [in dB]. Both give the same natural
frequencies but with a different amplitude.

In general, the results confirm that damage and internal defects in concrete produce measurable
changes in dynamic response, particularly in the form of shifts in natural frequencies and alterations to
the mode shapes. This validates the potential of vibration-based non-destructive testing (NDT) meth-
ods for structural health monitoring and early defect detection in reinforced concrete infrastructure.

However, several limitations of this study must be acknowledged. All tests were conducted
on small-scale laboratory-prepared specimens under controlled conditions. Although the defects
introduced are representative of those found in real structures, the environmental stability and material
uniformity of the test blocks differ from real-world concrete, which often degrades in more complex
and heterogeneous patterns. In addition, large structures such as tunnels may not display distinct
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mode shapes detectable in small laboratory samples. In such cases, defect detection may need to
rely on amplitude changes across frequency bands rather than on clear modal peaks, which requires
further investigation.

Finally, the laboratory setup allowed for measurements on all sides of each block, an advantage
that is not available in the field. In a tunnel environment, measurements would be limited to the acces-
sible surface, typically the front face of the tunnel lining. This restriction could limit the applicability
of certain excitation methods or require adaptations to the measurement strategy.

Future work should therefore include in-situ tests on full-scale concrete elements under realistic en-
vironmental conditions, assessing the influence of temperature, humidity, and other operational factors.
Such studies could determine the practicality of applying these methods in the field and identify which
excitation techniques offer the best combination of sensitivity, repeatability, and operational feasibility.

5. Conclusions

This study compared three excitation methods—acoustic, mechanical, and shaker-based—for
their effectiveness in detecting defects in small-scale concrete specimens through vibration-based
non-destructive testing (NDT) using a laser Doppler vibrometer. The concrete blocks included both
intact reference samples and samples with artificial defects such as voids, delamination, and cracks,
allowing controlled assessment of the sensitivity of each method to structural changes.

Acoustic excitation, implemented with a loudspeaker producing a sinusoidal sweep, proved
ineffective under current laboratory conditions. The limited acoustic power, combined with the rela-
tively high mass of the specimens, prevented sufficient energy transfer to excite detectable resonances.
Although unsuitable for the present setup, acoustic methods may still be viable for large-scale applica-
tions if high-power directional sources, such as Long-Range Acoustic Devices (LRAD), are employed.

Mechanical excitation with the custom-built compressed air cannon produced excellent results.
The short-duration, high-energy impulse generated a high signal-to-noise ratio and clearly defined
resonance peaks without requiring multiple measurements for averaging. These findings indicate that
further refinement of this technique could provide a valuable, low-cost option for defect detection,
particularly in applications where single-point measurements are sufficient.

Shaker excitation was performed using both a BRUEL & KJZR Vibration Exciter and a Qsources
Qlws surface-mounted shaker. The Qsources device outperformed the larger shaker in multiple
aspects, producing cleaner and artifact-free data, effectively exciting higher frequency ranges, and
offering greater ease of use. These characteristics make it highly suitable for scanning applications that
require repeatable excitation.

After decades of reliance on subjective and invasive inspection techniques, the results of this
study demonstrate that objective vibration-based methods can provide significant advancements in the
monitoring of concrete infrastructure. Short-impact mechanical excitation, particularly with devices
like compressed air cannons and surface-mounted shakers such as the Qsources Qlws, shows strong
potential for incorporation into scalable and automated inspection systems. Acoustic excitation, while
ineffective in this laboratory context, may still have niche applications pending further investigation
with more powerful sources.

A promising direction for future research lies in combining these excitation techniques with
artificial intelligence and pattern recognition algorithms. By building datasets of frequency response
characteristics for healthy and defective concrete, machine learning models could be trained to auto-
matically classify structural condition and potentially locate defects. Such developments could make
tunnel inspections faster, safer and entirely non-destructive, while reducing reliance on manual inter-
pretation and subjective judgment. Lastly, in the field of automating the measurements, research could
be done on a moving measurement setup to have no human involvement in moving the setup and
configuring it again. For tunnels, this could be achieved with a ground drone that has the excitation
method and the LDV mounted on it.
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