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Abstract: One of the limitations of using glued connections in practice is related to the need for
connection quality control. Still, the need for the non-destructive quality control of finished products
to determine the compliance of the developed structure with the designed one still exists. Considering
the small amount of research on timber–concrete composites with glued connections, there is a lack of
research on non-destructive methods for the quality control of rigid connections in timber–concrete
composite structures. During the literature analysis, no information was found on the possibilities of
testing the quality of the rigid timber-to-concrete connection. Therefore, two well-known methods—
operational modal analysis and ultrasonic testing—were tested to verify the possibilities of applying
these methods in determining defects in the rigid glued connection between the concrete and timber
layers in the timber–concrete composite structures. A series of small-scale specimens produced by
the stone chips method with and without artificially made defects in the timber-to-concrete adhesive
connection was tested by both methods. Operational modal analysis shows significant changes in
mode shape, frequency values, and spectral density diagrams. Despite the sufficiently large reflection
of the ultrasonic signal on the timber and concrete boundary, the transmitted signal is sufficient to
perform local ultrasonic tests for detecting defects in the adhesive connection. Thus, it is concluded
that the principles of both methods can be applied in practice, and further research is needed to
develop testing technology.

Keywords: timber-concrete composite; wood-concrete composite; adhesive connection; ultrasonic
testing; operational modal analysis; cross-laminated timber; rigid connection; non-destructive
testing method

1. Introduction

Non-destructive testing methods provide an opportunity to evaluate the integrity
of a material, component or system, and material properties and to identify and charac-
terize damage without causing damage to the material being tested [1–3]. The methods
provide effective ways of testing specimens for production quality control [4] as well as
for monitoring the condition of structures during their operation [5–7]. Many different
non-destructive testing methods are used in construction, each with its advantages and
limitations. In construction, non-destructive testing methods, such as experimental test
methods with static or dynamic load, impulse loads or vibrations as dynamic load, acoustic
non-destructive testing methods, etc., are used to assess the condition of structures. The
names of these methods usually refer to a particular scientific principle or equipment used
to perform the test.

Static loading of structures is widely used for testing in laboratory conditions. For
on-site assessment of the structure’s technical condition, this method is usually used only in
cases where it is impossible to do otherwise because this method is time- and labor-intensive
and sometimes even dangerous as it can cause the structure to collapse.

One of the most common ways to detect structural defects is by monitoring their dynamic
parameters by loading the structures with the dynamic load. Some studies [8,9] demonstrate the
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effectiveness of non-destructive diagnostics with modal analysis for safe monitoring and
damage assessment of structures such as concrete–steel composite beams with adhesive
connections as well as laminated glass modular units. This method, experimental modal
analysis (EMA), assumes that there is a known impact on the structure and the response
of the structure to a specific impact. It is possible to determine the dynamic structure
parameters by applying the transformation functions.

The impossibility of always evaluating all the effects of the surrounding environment
on the structure and the limitations of the method, which are related to the dimensions
of the inspected object, are the main reasons for the development of operational modal
analysis (OMA). Operational modal analysis, also called “ambient modal analysis” or
“data-only modal analysis”, is widely used in modal evaluations of large structures with
environmental and service loads [10]. This method has several advantages over EMA [11–13]:

• OMA enables modal analysis without knowing and/or controlling the input excitation;
• Allows estimating the same modal parameters—mode shape of oscillations, natural

frequency, and damping coefficient—as traditionally known methods;
• OMA belongs to the multi-input/multi-output (MIMO) method, which allows accu-

rate estimation and repetition of mode shapes in space;
• Tests are more economical and quick to perform than EMA. The OMA method does

not require additional equipment to excite the system, such as a vibrating platform or
impact hammers for laboratory testing. When performing OMA tests, the input effect
on the specimen can be random touching of the specimen in time and space, parallel
to the measurement of vibration responses in several places. The excitation generated
in this way is a good approximation of a multivariate white noise stochastic process.

It is hypothesized that by operational modal analysis, it is possible to determine the
influence of the presence of defects in the adhesive rigid timber-to-concrete connection
in the canopy on the modal structure parameters because studies show that the modal
structure parameters are sensitive to structural damage [8,14–16]. Of course, the application
of this method in the assessment of floor structures during operation is limited because,
during operation, floors are especially exposed to external loads that change their dynamic
calculation scheme.

Ultrasonic testing is one of the most widely used acoustic methods for detecting mate-
rial defects and structural changes [17]. Ultrasonic waves have the property of propagating
straight in a homogeneous medium. The transmitter sends an ultrasonic pulse into the
material. When defects are encountered, the ultrasonic wave is partially reflected, and
the receiver converts the ultrasonic oscillations into electrical oscillations and displays the
information on the screen. This method’s shortcoming is that it can be applied locally
because, in one measurement, information is obtained only about a specific area of the
structure in which this measurement was made. There are studies on ultrasonic testing
of concrete structures and timber structures. Still, there is a lack of information about the
possibilities of using this method for the quality control of the timber-to-concrete adhesive
connection in timber–concrete composite (TCC) structures.

A timber–concrete composite with a rigid adhesive connection between layers is a
sustainable structure which can provide more efficient use of resources compared to TCC
with the semi-rigid connection between layers, but the number of studies on this type
of structure is limited. As of 2018, research on timber–concrete composite elements with
a glued connection between concrete and timber layers was only around 2.5% [18]. As
the rigid adhesive connection is the key to the TCC’s predictable behavior, it is essential
to control the state of the connection to the designed one. There is a lack of research
on the non-destructive methods of testing the quality of the rigid glued connection of
timber–concrete composite structures. So, it is necessary to approbate non-destructive
methods for the quality control of these connections to popularize in practice the use of
timber–concrete composite structures with glued connections. Two well-known methods—
operational modal analysis and ultrasonic testing—were experimentally tested to check the
feasibility of applying these methods for the quality control of adhesive timber-to-concrete
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connections of TCC structures. As adhesive connections take a special position among
timber-to-concrete connections in TCC structures and no analogous investigations have
been carried out yet, this case study begins a series of investigations. The research presents
the results of the testing of the principle itself. Further research to develop the testing
technology is necessary.

2. Materials and Methods

Sixteen small-sized timber–concrete composite specimens with a length of 600 mm
were made. One-half of the specimens have an artificial defect in the adhesive timber-
to-concrete connection, and another has no man-made defect in the connection between
composite layers. C24 strength class timber boards with a width of 95 mm and a height of
45 mm were used for the base of the specimens. The stone chips method [19] was used to
produce timber–concrete composite specimens. The proposed production method includes
gluing the granite chips with epoxy to the timber layer and placing a fresh fine-grained
concrete layer after drying the adhesive layer. The granite chips with a fraction of 8–16 mm
were glued with epoxy glue Sikadur-31CF. The thickness of used a uniform epoxy layer
within the limits of 1–2 mm. Granite chip consumption is around 10.2 kg/m2. After the glue
had dried, a 20 mm thick layer of leveling compound for floors, Sakret BAM with strength
class C20, was placed on the specimens in the molds. The overall specimen dimensions
are shown in Figure 1a. For specimens with a defect in the connection, to ensure the
complete absence of adhesion between the concrete and timber layers, the timber boards
were covered with epoxy glue, but the stone chips were applied only to 60% of the surface
of the specimen. After the glue layer dried, the rest of the specimen, equal to 40% of the
specimen surface, without stone chips, was wrapped in a film, and then the chips were
evenly placed on the film layer, with fresh concrete mass poured on top (Figure 1b). In
this way, defects are modeled, which may arise, for example, due to non-compliance with
the technological process of production and, according to calculations [20], may cause the
structure to behave drastically different from the design. Specimen testing took place no
earlier than 28 days after the concrete layer had been placed.
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Figure 1. (a) Specimen dimensions; (b) specimens’ placement in the molds and TCC specimen with wrapped
40% of the specimen end in a PE film to ensure the defect in the timber-to-concrete adhesive connection.

For modal analysis, a multi-input/multi-output method is provided by the use of
six accelerometers, with which the structure’s response in the form of acceleration to
white noise was measured. The specimen was simply supported, with a span of 550 mm,
symmetrically to the ends of the specimen. The sensors were placed along the center line
of the specimen according to the scheme shown in Figure 2. Two types of sensors from
manufacturer Dytran Instruments, Inc. (Los Angeles, CA, USA) were available for the
experiment: three sensors with low sensitivity of around 100 mV/EU (model 3312A2T) and
three with high sensitivity of around 1000 mV/EU (model 3100D24), which were placed in
positions 3, 4, and 5. In order to ensure fast, convenient and safe fastening of sensors to
the specimens during the experiment, after the concrete layer had hardened, additional
specimen preparation work was carried out. M5 bolts were glued with two-component
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epoxy glue to all the specimens according to the same scheme, creating a strong connection
between the bolt head and the timber surface of the specimen.
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All sensors are connected to a multi-channel high-precision dynamic signal analyzer—
DT9857E manufactured by Data Translation (Marlborough, MA, USA), which receives
sensor signals and sends measurement data to a computer. QuickDAQ computer software
was used for data logging and initial data processing. Before taking measurements, all
connected sensors were registered and configured in the program, specifying the sensitivity
of each sensor as the number of millivolts per m/s2 needed to scale the raw data. By record-
ing the test measurements and evaluating the obtained frequency domain, a frequency of
4000 Hz was assumed as the maximum analyzed frequency for further measurements. To
accurately record the signal, the sampling frequency was twice the maximum and equal to
8000 Hz, corresponding to an interval of 1/8000 = 0.000125 s.

For further data analysis, the measurements were transformed from the time domain
to the frequency domain using a special mathematical function called the Fourier transform.
If the signal changes over time can be observed in the time domain, then the frequency
domain makes it possible to estimate how much signal there is in each specific frequency
band, thus representing the qualitative behavior of the system. The obtained frequency
spectrum allows evaluation of the ongoing process during the experiment. The fast and
discrete Fourier transformation is based on dividing the measurements in the time domain
into small blocks with a length of one block of T seconds and the further transformation
of each block to the frequency domain. Spectral lines are reflected in the spectrum with a
certain resolution, which means the distance between the spectral lines equal to ∆f = 1/T Hz.
The transformation result of each block is centered on the frequency of the corresponding line.

A fast Fourier transformation (FFT) block size equal to 16384 points was adopted,
which provides 16384/2 = 8192 spectral lines and, subject to the defined sampling frequency,
8000/16384 = 0.488 Hz high spectral resolution. Such a high resolution allows us to
recognize of closely spaced peaks but does not excessively burden the data processing
process and the data visibility. It was assumed that each record contains 25 data blocks, the
length equal to the size of the FFT. Taking into account the adopted frequency resolution
and the number of average values, the total duration of one record is 25 × (1/0.488) = 51.2 s.
The view of the record from one sensor is shown in Figure 3.
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Of greatest interest are the frequency responses up to 1000 Hz, where several first
peak values are located, so a second-order Butterworth low-pass digital filter with a cut-off
frequency of 1000 Hz was applied to the input channels, which provides a maximally wide
passband from 0 to 1000 Hz, which attenuates the signal within the limit by only 3 dB,
while signals with a higher frequency than the cut-off frequency are gradually reduced at a
rate of 12 dB per octave [21].

After configuring the QuickDAQ program, data collection was performed for each
specimen, which involves:

1. Placing the specimen on the supports and fixing the sensors.
2. Excitation of white noise at random with time and space touches on the upper surface

of the specimen along its entire length.
3. Parallel to step 2, recording the response signal of the specimen.
4. Repeating the measurements three more times.

The QuickDAQ program with the built-in FFT Analyser interface, which ensures the
transition of the data recorded in each of the sensors to the frequency domain, is used only
for the visualization and control of the processes occurring during the experiment. The
ARTeMIS Modal program is used to further process and analyze the data obtained during
the experiment. In the ARTeMIS program, the frequency domain decomposition (FDD)
method, which is based on the frequency domain, is used to identify dynamic parameters,
ensuring the process’s visibility and a user-friendly environment [22,23]. ARTeMIS provides
an opportunity to perform data analysis, which is based simultaneously on the records of
several sensors. For this purpose, the recorded raw data in the time domain are exported
from the QuickDAQ program and imported into the ARTeMIS program. A Hanning
window with 66% overlap was used for spectral density diagram estimation to reduce the
possibility of spectral distortion and spectral leakage [24,25].

For all 16 specimens, the first three fundamental frequencies and mode shapes with
their complexity were determined by automatic mode estimation, and singular values of
spectral density diagrams were also evaluated. Two scales can be used for the analysis of
the spectral density diagram—linear and semi-logarithmic. In the case of linear scaling, the
spectral density diagram, which describes the distribution of signal energy in frequency
components, represents the relationship between frequency and signal power in linear
units. According to Parseval’s theorem, the signal power in the frequency domain can
be obtained by integrating the acceleration, velocity, or displacement function in the time
domain. In the case of a semi-logarithmic scale, changes in signal power are expressed in
decibels (dB), which is a logarithmic quantity. The difference in signal power in decibels
between two signals can be determined by Equation (1).

10 log
(

M2
2/M1

2
)
= 20 log(M2/M1), (1)

where M1 and M2 are the measured amplitude of the respective signal received by the
sensors, for example acceleration, mm/s2.

The semi-logarithmic scale makes it possible to cover a wider range of frequencies
on a single graph and display a range of amplitudes intuitively. For example, a 128-fold
reduction in signal magnitude can be represented as a reduction in signal power of only 21 dB.
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In the case of modal analysis, it is necessary to ensure the same structure conditions to
compare the structure’s current modal parameters with the initial ones. Considering that
OMA application to monitoring during operation is difficult due to the type of use of the
considered structure because TCC slabs are intended for use in floors, from which it follows
that they are regularly exposed to short-term and quasi-permanent loads, which influences
and changes the design scheme compared to the initially built structure’s reference state,
the possibility of using the local non-destructive testing method, which does not depend
on the design scheme, to control the quality of the TCC rigid connection during structure
operation was tested.

Since timber and concrete are different structural materials, laboratory testing of
TCC specimens with a defect in the rigid connection has been carried out to clarify the
expected results from local structural testing with ultrasound. A series of measurements
were performed on four small-sized specimens with embedded artificial defects. Six
measurements were made for each specimen. The measurement locations can be seen in
Figure 4a. Measurements were made on the specimen part without defects (1–1 and 2–2)
and with defects (5–5 and 6–6) as well as on the border (4–4) and near the boundaries (3–3)
between the parts with and without defects.
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The measurements were made with the experimental ultrasound apparatus and soft-
ware developed at the Riga Technical University (Figure 4b) [26]. The transmitter and
receiver consist of discs with piezo elements, and there are no signal suppressors in the
model. Good adhesion between the surface of the specimen and the device is ensured by
a special liquid. A single pulse with 100 kHz frequency characterized by a single period
is sent. The measurement time of such a single pulse is approximately 1 millisecond.
The speed of taking measurements was 30,000 SPS (number of samples per second), the
resolution was 10 bits, and thus 0.001 × 30,000 × 210 = 30,720 points were used for the
digitization of 1 millisecond of the measured signal. Still, due to the property of the ul-
trasound wave reflecting off the specimen’s edges, the recorded signal consists of many
periods that gradually decay. The successful application of ultrasonic testing for adhesive
connection quality control is based on the acoustic impedance difference in different mate-
rials. Acoustic impedance, Z, characterizes the material’s resistance level to the oscillations
of ultrasonic waves. It can be calculated according to Equation (2).

Z = c·ρ, (2)

where Z is acoustic impedance; c is the sound speed, m/s; ρ is material density, kg/m3.
The higher the material density, the higher the acoustic impedance value. When an

ultrasound wave passes through one material and collides with the boundary of another
material, part of the wave’s energy is reflected and part passes into the second material.
How much energy is reflected is affected by the acoustic resistance, or impedance, of the
two materials. When a wave passes through concrete or timber and encounters the air,
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almost 100% of the wave energy is reflected. This principle is the basis for the ultrasonic
detection of defects involving air gaps. The reflection coefficient R as a percentage of the
total wave energy can be calculated according to Equation (3) for any two materials.

R =

(
Z2 − Z1

Z2 + Z1

)2
·100%, (3)

where Z1, Z2 are the acoustic impedance values of the first and the second materials.
Table 1 summarizes data for the acoustic impedance determination for pine, concrete,

and air [27–30]. For pine timber, the speed of the sound wave is indicated in the direction in
which the measurements were made, that is, in the radial direction. The acoustic impedance
of the polypropylene film, which was used to ensure the defect in the timber-to-concrete
connection, is comparable to the acoustic impedance of the timber material.

Table 1. Acoustic characteristics of materials.

c, m/s ρ, kg/m3 Z, kg/(sm2)

Air, 20 ◦C 344 1.2 412.8
Pine 2500 420 1,050,000.0

Concrete, C20 3700 2500 9,250,000.0

3. Results and Discussion

Other studies [8,9] had difficulty identifying differences in the first mode for specimens
with and without defects, so that the specimens’ dynamic parameters, such as natural
frequency, the mode shape, and its complexity, were defined for the first three modes. In
addition to the automatically found, well-separated modes, whose frequencies are marked
with circles in Figure 5, the diagram shows the so-called modal domain in light green and
the modal coherence in light blue. The automatic peak search is based on the estimation
of the so-called modal coherence. Modal coherence is a measure that is equal to 1 in the
region where a particular mode dominates and is around the peak values. The upper
part of the diagram corresponds to modal coherence 1, and the lower part of the diagram
corresponds to 0. Between the peak values, the modes are mixed, and the modal coherence
decreases significantly. The region dominated by a single mode is referred to as the modal
domain. Within this, the frequency corresponding to the largest peak is chosen as the mode
frequency. There are pronounced peaks in the spectral density diagram, which, according
to the linear arrangement of the sensors, correspond to complex mode shapes. Therefore,
it was concluded that measurements, even for elements working in one direction, are
recommended to be carried out by placing the sensors spatially in two dimensions (for
example, along the perimeter of the specimen) instead of linearly (i.e., only along the length
of the specimen).
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Figure 5. Singular values of spectral densities for one of the specimens without defects in timber-to-
concrete connection.

Figure 6a summarizes the average values of the frequencies of the first three modes.
The first mode obtained based on experiment data was characterized by a high damping
coefficient, which indicates noise. That is why comparing the first modes for specimens
with and without artificial defects in the connection between composite layers was not
made. It was concluded that even for elements working in one direction, it is important
to place the sensors not linearly but two-dimensionally. The degree of reliability of the
frequency values of the second and third modes was high. The noticeable difference
between the specimens with and without defects is the frequency of the second mode. For
specimens with a defect, it is higher than about 32%. No obvious difference is formed
in the second mode shape, which is characterized by two waves at the considered type
of artificial defect, which occupies almost half of the length of the specimen. By contrast,
a significant change in the third mode shape was found for specimens with a defect in
the timber-to-concrete connection. The modal assurance criterion, or MAC, which is a
statistical measure used to compare the modes’ shapes, is equal to 0.55 for the third mode
shape. This criterion is sensitive to large differences and relatively insensitive to minor
differences in mode shapes. The closer the value of this criterion is to 1, the greater the
coincidence of mode shapes. The normalized third mode shapes for all 16 specimens are
summarized in Figure 6b. The defect-free specimens have a symmetric mode shape with
three half-waves with a peak at the middle sensor location. For specimens with a defect,
the mode shape remains asymmetric. The maximum is reached in the first half-wave on
the side of the defect.
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Figure 6. (a) The average values of the frequencies for the first three modes, where 100% are without
defects and 60% have a 40% large defect; (b) normalized 3rd mode shapes for specimens without
defects (continuous lines) and with defect (dashed lines).

Changes can also be observed in the spectral density diagrams. If the third mode
frequency, around 600 Hz for specimens without a defect, is dominant, then a low-level
excitation can be observed at the third mode frequency for specimens with the defect. An
increase in the value of the second mode frequency and the corresponding signal strength
(at about 340 Hz) is observed for the specimens with defects (Figure 7).
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Figure 7. Spectral density diagrams for specimens: (a) without artificial defects in the connection
between composite layers and (b) with defects in the timber-to-concrete connection.

Thus, the differences found in the modal analysis between the specimen series allow
stating that damage in the rigid connection between the concrete and timber layers affects
the responses and dynamic parameters of the TCC specimens. Therefore, under certain
conditions, it is possible to effectively use operational modal analysis for assessing the
quality of the timber-to-concrete connection and the presence of defects in TCC structures.
The considered method allows non-destructive quality testing on a global scale, which
can be especially relevant in high-volume production with large-sized structures when
local inspection methods for defects would be time-consuming. By creating one reference
structure that local inspection methods can test, the results of its modal analysis can be
used as a reference for the other structures.

As a result of laboratory experiments, the possibility of successfully applying ul-
trasound testing for local quality control of a timber–concrete composite rigid adhesive
connection was confirmed. Despite a sufficiently high reflection coefficient of ultrasonic
wave energy between concrete and timber, which, according to calculations, is up to 64%,
around 36% of the wave energy transferred to the second material is enough for ultrasound
testing (Figure 8a). The data of six measurements for one of the specimens, as a time
dependence of the relative amplitude of the measured signal, are summarized in Figure 8b).
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The physical significance of this value is related to the quality of the connection, and with
its changes, it can judge the quality of the adhesive connection between timber–concrete
composite layers.
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Figure 8. (a) Ultrasonic wave reflection and transition from concrete material to timber; (b) measure-
ment records from ultrasound testing at different specimen locations (1–6 according to Figure 4a).

Through a specimen part without a defect, far from the boundary where the defect
starts, the ultrasonic signal passing through the specimen is strong and characterized by
a large amplitude. Approaching the boundary with a defect, the maximum amplitude of
the measured signal gradually decreases. On the other hand, in a place where a defect is
pronounced and there is no nearby place without a defect, the ultrasound signal does not
pass through the connection of the two materials. The signal amplitude value does not
reach 10% of the maximum amplitude value at the signal transmission location without a
defect. This amplitude value is mainly composed of the signal that spreads over the entire
specimen and reflects from its edges and strays because the length of the specimen is not
infinite. For larger specimen sizes, this amplitude percentage is even lower.

Ultrasonic testing can be used both to check the quality of manufactured elements
to obtain a reference sample with which other elements can be compared and to detect
technological defects in structures that were already revealed during operation. It is
recommended to create a measurement grid for testing structures. Ultrasonic testing makes
it possible to find defects with a diameter of 100 mm [31], but such size defects do not
always have major engineering importance. Grid intersection points where measurements
are made should be placed to match the size of the defects that significantly affect the
behavior of the structure. If a point with drastically different measurement results is found,
an additional finer measurement grid should be created around this measurement point to
determine the defect’s contour.

Although using ultrasonic testing for the local detection of defects, as shown by
the experiment, is possible, this method also has drawbacks. Firstly, similar to concrete
structures [31], determining internal defects and their size requires well-qualified personnel
with prior experience in interpreting ultrasonic testing results. In order to correctly decide
on the size of the initial measurement grid, it is necessary to carry out an additional
investigation to determine what size defects have a significant effect on the behavior of
the structure. Although the time of one measurement is short (measurement time is only
about 1 ms), the determination of the defect contour can be a time-consuming process due
to the large number of measurements and the necessary preparatory work. Inspection of
in-service structures is associated with the need to remove the floor finishing to gain access
to the structural element, and in the case of direct transmission ultrasonic testing, access to
the structure is required from both sides. Additional studies are necessary to provide some
general rules for the number of measuring spots, time, prices, etc.
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4. Conclusions

The possibility of using two non-destructive methods—operational modal analysis
and ultrasonic testing—for the quality control of the adhesive rigid timber-to-concrete
connection in timber–concrete composite structures was checked. Large-sized defects in the
rigid timber-to-concrete connection impact the dynamic parameters of the timber–concrete
composite structure, indicating the possibility of using modal analysis for non-destructive
quality inspection purposes. The possibility of using operational modal analysis for the
assessment of the quality of the adhesive connection between composite layers on a global
level of structural timber–concrete composite members was approved and recognized as
effective. Such significant differences between the timber–concrete composite specimens with
and without artificial defects in the connection were determined within the experiments:

• Change in the third mode shape (the statistical measure used to compare the modes’
shapes—MAC = 0.55).

• Changes in frequency values for individual modes, reaching up to 32%.
• Changes in spectral density diagram as a signal power in individual modes.

A possible solution to the problem of timber–concrete composite adhesive connection
quality control was proposed. The possibility of using ultrasonic testing has been approved
and recognized as a perspective for local quality control of adhesive connection made
by the stone chips method in timber–concrete composite structures. As a result of the
experiment, it was obtained that:

• Despite the almost 10-fold difference in the acoustic impedances of concrete material
and timber in the radial direction, 36% of the energy from the ultrasonic wave passing
from one material to the other is sufficient to analyze the quality of the timber–concrete
connection successfully.

• If the maximum amplitude of the measured signal at a high-quality adhesive con-
nection is assumed to be 100%, then this value gradually decreases to 30–60% in the
vicinity of the defect. In the case of a large and continuous defect, the measured signal
corresponds to noise, and its maximum amplitude is below 10%.

The possibility of using the principle of OMA and ultrasonic testing for adhesive
connections between composite layers as quality control in TTC structures has been verified.
Further research is needed to develop the testing technology of the discussed methods.

Author Contributions: Conceptualization, K.B.-V., L.G., D.S. and L.P.; methodology, K.B.-V., L.G.,
D.S. and A.T.; software, K.B.-V., L.G. and A.T.; investigation, K.B.-V., L.G. and A.T.; resources, K.B.-V.,
L.G. and A.T.; data curation, K.B.-V. and L.G.; writing—original draft preparation, K.B.-V.; writing—
review and editing, K.B.-V. and D.S.; visualization, K.B.-V. and D.S.; supervision, L.G., D.S. and L.P.;
funding acquisition, K.B.-V. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the European Social Fund within the Project No 8.2.2.0/20/I/008
“Strengthening of PhD students and academic personnel of Riga Technical University and BA School
of Business and Finance in the strategic fields of specialisation” of the Specific Objective 8.2.2 “To
Strengthen Academic Staff of Higher Education Institutions in Strategic Specialization Areas” of the
Operational Programme “Growth and Employment” and by Riga Technical University’s Doctoral
Grant Programme DOK.BIF/21.

Buildings 2022, 12, x FOR PEER REVIEW  12  of  13 
 

 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Kong, Y.; Bennett, C.J.; Hyde, C.J. A Review of Non‐Destructive Testing Techniques for the  in‐Situ Investigation of Fretting 

Fatigue Cracks. Mater. Des. 2020, 196, 109093. https://doi.org/10.1016/j.matdes.2020.109093. 

2. Serdjuks, D.; Kurtenoks, V.; Tatarinovs, A.; Buka‐Vaivade, K.; Lapkovskis, V.; Mironovs, V.; Podkoritovs, A.; Topcijs, K. Non‐

Model  Vibration  Analysis Method  for  Health Monitoring  of  Structural  Joints.  Procedia  Struct.  Integr.  2022,  37,  555–562. 

https://doi.org/10.1016/j.prostr.2022.01.122. 

3. Serdjuks, D.; Kurtenoks, V.; Tatarinovs, A.; Mironovs, V.; Lapkovskis, V.; Buka‐Vaivade, K.; Macevics, A.; Topcijs, K.; Vilnitis, 

M. Method of Coaxial Accelerations Correlation for Quality Assessment of Structural Joints. Procedia Struct. Integr. 2022, 37, 

547–554. https://doi.org/10.1016/j.prostr.2022.01.121. 

4. Gholizadeh, S. A Review of Non‐Destructive Testing Methods of Composite Materials. Procedia Struct. Integr. 2016, 1, 50–57. 

https://doi.org/10.1016/j.prostr.2016.02.008. 

5. Hu, W.; Zhang, J. Effect of Growth Rings on Acoustic Emission Characteristic Signals of Southern Yellow Pine Wood Cracked 

in Mode Ⅰ. Constr. Build. Mater. 2022, 329, 127092. https://doi.org/10.1016/j.conbuildmat.2022.127092. 

6. Krajewski, A.; Bilski, P.; Witomski, P.; Bobiński, P.; Guz, J. The Progress in the Research of AE Detection Method of Old House 

Borer  Larvae  (Hylotrupes  bajulus  L.)  in  Wooden  Structures.  Constr.  Build.  Mater.  2020,  256,  119387. 

https://doi.org/10.1016/j.conbuildmat.2020.119387. 

7. Zheng, Y.; Wang, S.; Zhang, P.; Xu, T.; Zhuo, J. Application of Nondestructive Testing Technology in Quality Evaluation of Plain 

Concrete and RC Structures in Bridge Engineering: A Review. Buildings 2022, 12, 843. https://doi.org/10.3390/buildings12060843. 

8. Knak, M.; Wojtczak, E.; Rucka, M. Non‐Destructive Diagnostics of Concrete Beams Strengthened with Steel Plates Using Modal 

Analysis and Wavelet Transform. Materials 2021, 14, 3014. https://doi.org/10.3390/ma14113014. 

9. Bedon, C.; Noè, S. Post‐Breakage Vibration Frequency Analysis of In‐Service Pedestrian Laminated Glass Modular Units. Vi‐

bration 2021, 4, 836–852. https://doi.org/10.3390/vibration4040047. 

10. Lin, C.‐S.; Wu, Y.‐X. Response‐Only Parametric Estimation of Structural Systems Using a Modified Stochastic Subspace Identi‐

fication Technique. Appl. Sci. 2021, 11, 11751. https://doi.org/10.3390/app112411751. 

11. Araújo, I.G.; Laier, J.E. Operational Modal Analysis Using SVD of Power Spectral Density Transmissibility Matrices. Mech. Syst. 

Signal Process. 2014, 46, 129–145. https://doi.org/10.1016/j.ymssp.2014.01.001. 

12. Fontan, M.; Guerineau, L.; Sa, A. A New SHM Strategy Using in Situ Modal Analysis Processing to Monitor Civil Engineering 

Structures. In Proceedings of the 10th International Conference on Structural Health Monitoring of Intelligent Infrastructure, 

SHMII 10, Porto, Portugal, 30 June–2 July 2021. 

13. Lu, X.; He, X.; Chen, H.; Zheng, R. Operational Modal Parameter Identification with Colored Noise Excitation. Chin. J. Aeronaut. 

2021, 34, 288–300. https://doi.org/10.1016/j.cja.2020.09.006. 

14. Kita, A.; Cavalagli, N.; Venanzi, I.; Ubertini, F. A New Method for Earthquake‐Induced Damage Identification in Historic Ma‐

sonry Towers Combining OMA and IDA. Bull. Earthq. Eng. 2021, 19, 5307–5337. https://doi.org/10.1007/s10518‐021‐01167‐0. 

15. Gaile, L.; Ratnika, L.; Pakrastins, L. RC Medium‐Rise Building Damage Sensitivity with SSI Effect. Materials 2022, 15, 1653. 

https://doi.org/10.3390/ma15051653. 

16. Kirsanov, M.; Safronov, V. Analytical Estimation of the First Natural Frequency and Analysis of a Planar Regular Truss Oscil‐

lation Spectrum. Mag. Civ. Eng. 2022, 111, 11114–11114. https://doi.org/10.34910/MCE.111.14. 

17. Guo, W.; Xu, H.; Liu, Z.; Shi, J. Ultrasonic Technique for Testing Cold Welding of Butt‐Fusion Joints in Polyethylene Pipe. In 

Proceedings of the ASME 2013 Pressure Vessels and Piping Conference, Paris, France, 14–18 July 2014. 

18. COST Action FP1402. Design of Timber–Concrete Composite Structures: A State‐of‐the‐Art Report by COST Action FP1402/ WG 4, 1st 

ed.; Dias, A., Schänzlin, J., Dietsch, P., Eds.; Shaker: Aachen, Germany, 2018; ISBN 978‐3‐8440‐6145‐1. 

19. Buka‐Vaivade, K.; Serdjuks, D.; Pakrastins, L. Cost Factor Analysis for Timber–Concrete Composite with a Lightweight Ply‐

wood Rib Floor Panel. Buildings 2022, 12, 761. https://doi.org/10.3390/buildings12060761. 

20. Buka‐Vaivade, K.; Serdjuks, D. Behavior of Timber‐Concrete Composite with Defects in Adhesive Connection. In Proceedings of 

the Procedia Structural Integrity; Elsevier B.V.: Madeira, Portugal, 2022; Volume 37, pp. 563–569. 

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Buildings 2022, 12, 2151 12 of 13

References
1. Kong, Y.; Bennett, C.J.; Hyde, C.J. A Review of Non-Destructive Testing Techniques for the in-Situ Investigation of Fretting

Fatigue Cracks. Mater. Des. 2020, 196, 109093. [CrossRef]
2. Serdjuks, D.; Kurtenoks, V.; Tatarinovs, A.; Buka-Vaivade, K.; Lapkovskis, V.; Mironovs, V.; Podkoritovs, A.; Topcijs, K. Non-Model

Vibration Analysis Method for Health Monitoring of Structural Joints. Procedia Struct. Integr. 2022, 37, 555–562. [CrossRef]
3. Serdjuks, D.; Kurtenoks, V.; Tatarinovs, A.; Mironovs, V.; Lapkovskis, V.; Buka-Vaivade, K.; Macevics, A.; Topcijs, K.; Vilnitis, M.

Method of Coaxial Accelerations Correlation for Quality Assessment of Structural Joints. Procedia Struct. Integr. 2022, 37, 547–554.
[CrossRef]

4. Gholizadeh, S. A Review of Non-Destructive Testing Methods of Composite Materials. Procedia Struct. Integr. 2016, 1, 50–57.
[CrossRef]

5. Hu, W.; Zhang, J. Effect of Growth Rings on Acoustic Emission Characteristic Signals of Southern Yellow Pine Wood Cracked in
Mode I. Constr. Build. Mater. 2022, 329, 127092. [CrossRef]
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