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Abstract 

Piezoelectric sensors were used to study the vibration signal transition. Thanks to their use, it was 

possible to record the diagnostic information contained in the vibration signal passing through the 

element. The aim of the study was to test the effectiveness of assessing the degradation of tested 

brick elements based on the surface areas of the obtained FRF functions and stabilization diagrams. 

The experiment was carried out on 20 solid brick samples, half of which were intentionally damaged, 

allowing determination of the variability in the vibration measurements. The research confirmed the 

usefulness of piezoelectric sensors and experimental modal analysis methodology in detecting 

damage to masonry elements. 
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1. Introduction  

Piezoelectric sensor, also known as piezoelectric transducer, is the type of sensor that uses 

the piezoelectric phenomenon to process changes in shape or forces applied to an electrical 

voltage. It is used in systems to convert and measure force, pressure, speed and vibration [1,2,3] 

The operation is based on the piezoelectric effect, where the electrical charge is located on 

the walls of the crystal when deformed, whereas changing the deformation of the crystal causes 

the sign of the charge to change to the opposite. This is one of the phenomena observed in these 

sensors. The other phenomenon is the so-called "inverse phenomenon", i.e. when we apply 

a voltage to the crystal, there is a deformation change in dimension [4,5]. 

For the first phenomenon in the sensor, the piezoelectric material is acted upon by a mass 

m with a force equal to F = a × m, which causes the creation of a charge proportional to the 

intensity, so it is an acceleration sensor – a. The material from which the piezoceramic plate is 

made is usually quartz or ceramic sinter. The principle of the operation of sensors using the 

piezoelectric phenomenon is shown below [6,7,8]. 
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 Figure 1. A piezoelectric disk generates voltage during deformation. 

 

Accurate physical measurement is critical to the operation of many automated industrial 

systems. Knowing what's happening allows you to monitor equipment and control the 

performance of specific tasks. Today's sensors can accurately measure many parameters, 

including position, distance, angle, force, torque, pressure, temperature, and vibration. There 

are also a wide variety of methods used to measure the changes that occur [9]. 

Capacitive, inductive, optical, or ultrasonic effects can be used, depending on the type of 

feature being controlled. Piezoelectric sensors are a very popular category of sensors. They are 

relatively simple in design and reliable in measurement, and their cost is low in relation to the 

benefits of their use [10].  

Any sensor that is used to measure of various physical quantities and that is to be used in a 

measurement device or an industrial automation system must provide data that can be correctly 

interpreted by the system of which it is a part. It is therefore necessary to convert a specific 

physical quantity, such as pressure or force, into a signal with the correct characteristics - 

usually an appropriate electrical voltage or resistance value. The sensor must produce a signal 

whose specificity is proportional to the magnitude of the phenomenon being measured, while 

maintaining the required accuracy, resolution, sensitivity and repeatability [11,12]. 

Piezoelectric sensors make use of the piezoelectric effect, which was discovered in the 19th 

century [25,26}. This effect is due to the presence of dipolar moieties in the crystal, which 

create a net polarization when oriented [27]. When the crystal is stressed, it deforms, causing 

a net dipole moment and an electric field {28,29]. This phenomenon has been extensively 

studied in various materials, including Rochelle salt crystals, which exhibit a large piezoelectric 

effect and have been used in sound transmission and reception [30].. 

Quartz was originally used because it is a natural piezoelectric material [30,31]. This means 

that its properties do not change, and its stability guarantees good repeatability of the 

measurements. Other piezoelectric materials include ceramic. Today, the widespread use of 

piezoelectricity is based on ferroelectric ceramic materials [32]. . Similar to some plastics, they 

are created by the action of a strong electromagnetic field. Although they cannot withstand the 

high stresses of quartz, they retain their properties even at much higher temperatures. In 

addition, they provide a higher signal level by achieving high capacitive sensitivity [13]. 
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Depending on how it is cut from the quartz crystal, the transducer can be more sensitive to 

shear or compression forces. Compressive sensitivity can be successfully used in pressure 

sensors. For example, shear sensitivity is useful in accelerometers. Among many other 

applications, piezoelectric sensors are particularly popular for measuring the pressure and 

vibration. Piezoelectric technology has also been used to fabricate acceleration, knock and 

angular velocity sensors. The laboratory tests performed in this study used PCB piezotronics 

sensors, and Figure 2 shows the sensors used in vibration transfer studies for solid brick quality 

testing [14,20,33]. 

 

 

Figure 2. Piezoelectric sensors used in measurements of vibration signal passage through building 
ceramic elements. 

 

Piezoelectric pressure sensors are highly accurate because they can directly sense the applied 

force. These can be used for a wide range of measurements. Their sensitivity covers a range of 
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about 120 dB. Owing to the way they work, they are able to detect changes that occur at a very 

fast rate. Devices of this type can detect pressure peaks that occur at frequencies of up to 100 

kHz. Piezoelectric sensors are used to measure everything from explosions to the propagation 

of sound around various objects, both in industry and acoustic research [3,15,18], as well as in 

the analysis of stress wave propagation in concrete structures [37]. 

Piezoelectric accelerometers provide high-resolution measurements of vibration and motion. 

This implies that they can detect very small forces acting on the device. Depending on the 

specificity of the vibrations to be measured, vibration sensors that use the piezoelectric 

phenomenon are made from both traditional quartz and materials based on plastics or ceramics, 

such as lead zirconium titanate (PZT). Piezoelectric accelerometers are used in industrial 

applications, such as monitoring the wear and stability of machines and equipment components, 

and in scientific research, such as tracking seismic movements or testing different materials 

[16,21,34]. 

1.1. Modal analysis and it’s use in vibration signals measurements 

Modal analysis is used to diagnose, modify and monitor structures, to validate and control 

analytical and numerical models, and it is widely used in mechanical engineering, aeronautics, 

electronics and electrical engineering, railways and even agriculture [1,2,3]. The analysis does 

not directly observe the effects of damage or wear but only their signs in the form of values of 

measurement quantities, such as the frequency response function (FRF), stabilization diagrams 

or associated vibration estimators. Only a proper analysis (interpretation) of the measured 

vibration signals allows the recognition of the technical condition of the machine or structural 

elements to detect (localize) and determine the severity of the damage, as well as its causes and 

remedies. 

The frequency response function is the ratio of the spectrum of the output signal to the input 

signal as a function of frequency, it is a composite function and is expressed by the equation 

(1-2): 

𝐹𝑅𝐹(𝜔) =
𝑋(𝜔)

𝐹(𝜔)
, (1) 

where:𝑋(𝜔)- response spectrum of the system𝑥(𝑡),𝐹(𝜔)- input signal spectrum𝐹(𝑡). 

On its basis, it is possible to determine the natural frequency of the system. Whereas the 

coherence function expressed by the formula [17-22]: 

𝛾𝑥𝐹
2 (𝑓) =

|𝐺𝑥𝐹(𝑓)|
2

𝐺𝑥𝑥(𝑓)𝐺𝐹𝐹(𝑓)
, (2) 

where: 𝐺𝑥𝐹(𝑓)- reciprocal power spectral density between input (reference) signal𝐹(𝑡) and exit 

signal (answers)𝑥(𝑡),𝐺𝐹𝐹(𝑓)- own spectral density of the input signal power 𝐹(𝑡),𝐺𝑥𝑥(𝑓)- own 

spectral density of the response signal power 𝑥(𝑡), describes the similarity of two signals as 

a function of frequency. If signals𝑥(𝑡)and𝐹(𝑡)they come from the same source, the coherence 

function always assumes a value of 1 [23,24,35].  

Modal analysis testing methods have been in use for many years in the field of engineering 

mechanics. However, this methodology is less widespread in the construction industry. In the 

works of many authors [13,14], the possibilities of using this methodology in the evaluation of 
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research on mechanical properties and their composition in various structures and elements of 

technical mechanics have been described. Later studies, such as [22,25], have organized 

research on the adaptation of this research methodology to civil engineering. A methodology 

dedicated to the use of materials and construction elements, including masonry elements, has 

been developed through several years of laboratory tests and tests on real structures. 

Modal analysis of mechanical systems is a method of investigating dynamic properties 

which consists of tracking changes in the parameters of the modal structure or wall element 

model to be tested resulting from wear, damage or failure and based on current observations of 

the object. In this method, a modal model is created in the form of established natural 

frequencies, vibration modes, and dampers for an undamaged object. The modal model is then 

identified during the operation and examined to determine whether it correlates with that of an 

undamaged object. If such a correlation, then it can be said that the object is a good fit. If there 

is no correlation, then the object is in a state of unfitness, caused, for example, by aging or 

damage [16,26,36]. 

Knowing the modal model also makes it possible to predict how an object will respond to 

any disturbance, in both the time and frequency domains. This is implemented as a theoretical, 

experimental, or operational modal analysis. 

Experimental modal analysis is a technique that can be used to identify the modal parameters 

of a structure. Experimental Modal Analysis is often used in practice to investigate the 

properties of objects, both when designed and when operating. The identification experiment 

in the experimental modal analysis consists of forcing the object to vibrate while simultaneously 

measuring the excitation force and response, usually in the form of a vibration acceleration 

spectrum. From the stabilization diagram and animation of the vibration mode presented in the 

software, a modal model is obtained [15,18,27]. 

The identification experiment in the experimental modal analysis (Figure 3) consisted of 

forcing the vibrations of the object with the simultaneous measurement of the excitation force 

and the response of the system, most often in the form of a vibration acceleration amplitude 

[8,18,26]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The essence of research in experimental and operational modal analysis. 

The measurement results based on the adopted geometric model were processed using the 
software system (SIEMENS LMS). The result is the vibration spectrum of the driving force at 
the input of the system, spectrum of the vibration acceleration amplitude at the output of the 
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system, and stabilization diagram, from which the parameters of the modal model can be 
estimated [18,20]. 

An example of the stabilization diagram with the different frequencies of the free vibrations 
is shown in the next figure (Figure 4). 

 

Figure 4. Stabilization diagram. Notations: order—order of the pole, o—unstable pole, f—pole has a 
constant frequency. The v-pole has a constant frequency and modal vector; s—stable pole. 

By subjecting the recorded vibration signal and the response of the system to the fast Fourier 

analysis (FFT) analysis, it is possible to obtain a measure of the dynamic state FRF after the 

transformations. The function (FRF) is a basic measure that describes the global dynamic 

properties of a structure under study. The FRF describes an input-output relationship between 

two points on the structure (material) as a function of frequency. 

The experimental parameters of the modal model (natural frequency, damping, and vibration 

modes) as well as many other important vibration estimators can additionally be obtained 

without major difficulties in the procedures accompanying the determination of the FRF [19]. 

 

2. Materials and Methods 

The ceramic masonry units studied were solid bricks and chequered bricks (Figure 5). The 

test specimens were 10 intact and 10 damaged samples of each brick type. Damage was induced 

(forced) by a testing machine by applying an increasing compressive force to the specimen 

axially along the Z-axis until the first signs of damage appeared in the form of cracks. 

The object of research was solid ceramic brick type B (without holes) (Figure 5). The 

ceramic bricks were manufactured in Class 20, which is equivalent to a compressive strength 

of 20 MPa. The brick was 25 cm long, 12 cm wide and 6.5 cm high. The ceramic brick has even 

sides, a uniform color, and no cracked or notched edges. 
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Figure 5. View of solid and W-type perforated brick sample which were measured. 

The modal test was performed via vibration excitation of the specimens using a modal 

hammer blow. The vibrations were forced from above in the direction of the Z-axis, because 

from a practical point of view it is important to have information about the transition of the 

vibration signal in the direction consistent with the direction of action of the compression forces 

of the wall made of the tested element. The signal was received by a piezoelectric sensor bonded 

to a given wall of the specimen. Response measurement points were defined, and 8 of them 

were measured several times (10 times), which allowed us to obtain an average unloaded value 

of the frequency characteristics [13,14]. 

2.1. Research methodology 

 

A modal study was carried out on an all-ceramic brick using an experimental modal analysis. 

In this method, the structural vibrations of the test object were induced using a modal hammer 

(PCB 086C03) and recorded using a uniaxial piezoelectric vibration sensor (PCB 333B50). The 

measuring points were placed on the specimen according to the following diagram. 

 

 
Figure 6. Distribution of measurement points on the research object 

 

The sample was excited to vibrate at C1. During the experiment, two waveforms were 

recorded: one from the modal hammer and the other from the vibration sensor attached to the 

test object. The spectral functions of the FRF transition were obtained by recording time 

histories (Figure 7). At each measurement point, the resultant FRF waveform was the average 

of 10 successive blows with a modal hammer. Based on this, a stabilization diagram was used 
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to estimate individual modal parameters in the form of natural frequency, modal damping 

coefficients, and modes. Based on these parameters, a modal model of an undamaged ceramic 

brick was developed. This completes the first stage of modal investigation of an object. The 

second stage of modal testing involved of subjecting the full ceramic brick to a compressive 

strength test using an Instron testing machine. A load of 30 MPa was applied to the test machine. 

This value is 10 MPa higher than the maximum compressive strength of a full brick. The test 

was conducted until the first signs of damage to the test specimen were observed in the form of 

cracking, but without causing the brick to fail.  

 

 
Figure 7. Spectral function of the FRF transition registered at the point C1 for full and perforated 

bricks. 
 

 

 
Figure 8. The fracture on the ceramic bricks after the strength test 

 

2.2. Measurement Systems 

The SIEMENS LMS SCADAS Recorder system is one of the most advanced measuring 

systems used to study the deterioration of objects. A SIEMENS LMS SCADAS recording 

instrument is a device that combines the features of an analysis instrument with a conventional 

recording instrument. Figure 9 shows the front panel of the SIEMENS LMS SCADAS system. 

The user configures the instrument using the required set of measurement cards with an 

appropriate number of measurement channels, depending on the specifics of the tests. Unlike 

classic LMS recorders, a SCADAS recorder is fully automatic and does not require a computer 

or remote control to carry out the process of recording the measurement signals, the data being 

stored on a Compact Flash card. This unit, as shown in the picture below, is fully compatible 

with professional engineering software. 
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Figure 9. SIEMENS LMS SCADAS Recorder. 

The SIEMENS LMS Test.Lab is a measurement, data acquisition, analysis, and reporting 

system. The system includes dedicated procedures for structural and acoustic testing, for 

environmental testing, for vibration control and for quality testing. 

SIEMENS LMS Test.Lab is used for the initial provision of real object data and its 

integration into the simulation process. It can be used to provide simulation software with data 

on dependent models that are either too difficult to implement or too time consuming to 

produce. This data can include time waveforms, spectral FRF transition functions, cross power 

waveforms, etc. Once we have the simulation prototype, we can test it and SIEMENS LMS 

Test.Lab will provide us with data for modification and improvement. The only way to get the 

best results is to combine simulations with tests on real objects that are based on them [7,8]. 

Test.Lab is a multi-functional software that is built in a modular way so that the software 

can be adapted to specific measurements. Geometry can be created, sensors calibrated and 

appropriate measurement ranges determined, inductors controlled, inputs, responses and 

estimates recorded, modal parameters selected and modal shapes visualized using the software 

configured during modal analysis. 

The LMS Test.Lab measuring system is complemented by the SIEMENS LMS Virtual.Lab 

system, which allows you to combine the most important aspects of simulating and testing on 

existing equipment. It combines input data from real objects with data from simulated objects, 

providing a unique hybrid approach to simulation. 

The problems presented show that the use of technical diagnostics is important at all stages 

of the life of equipment and is particularly useful during its operation, providing information 

and data for studying the models of operational strategies constructed. 

The condition of the actual building structures or of the masonry elements should be tested 

in a simple and effective way, using as few measurements as possible. For this purpose, 
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experimental modal analysis is used in the laboratory testing of building elements, and 

operational modal analysis is used in the testing of complete structures. In both cases of modal 

analysis, the most advanced measurement equipment purchased for research projects using 

LMS - SIEMENS LMS TEST.XPRESS - is used to measure the time histories of the excitation 

and the system response to the given excitation, and to determine the main quality measures 

(FRF and stabilization diagrams). This software allows easy modal analysis of masonry 

elements and any other building structure according to the developed degradation state analysis 

algorithm.  

The SIEMENS LMS Test. Xpress 4A software allows the input force signal and response to 

be recorded in the form of time waveforms and can generate a cross-correlation function, which 

in turn generates a stabilization diagram with natural frequencies for each structural element. 

The correct measurement is dependent on obtaining the level of the excitation force that has 

been previously determined and on obtaining the appropriate level of the response signal. 

Repeatability tests of waveforms in relation to the measurement of general changes in the state 

of material degradation, the construction of stabilization diagrams and the determination of the 

values of the areas under the FRF and coherence curves are just some of the advantages of the 

LMS program. 

 

3. Results and Discussion 
 
3.1. Results of the modal study 
 
3.1.1. Undamaged and damaged solid ceramic brick 
 

The measurement results for the undamaged and damaged solid bricks were obtained from 

a total of eight measurement points, four of which were equally spaced on each side of the brick. 

Figure 10 shows the averaged FRF plot of the eight measured points, where the calculated 

theoretical first natural frequency is marked. There was only one peak (2875.97 Hz) in the 

vicinity of this value, which could be an indication of the  convergence of these frequencies. 

Using this graph, it can also be seen that at this frequency, there is a clear change in the vibration 

phase, which also indicates the presence of structural vibrations in the specimen at this point. 

 

 
Figure 10. The theoretical first natural frequency of brick vibrations on the averaged FRF plot 

 

Based on the measured characteristics of the FRF, a stabilization diagram (Figure 11a) was 

constructed for an undamaged solid ceramic brick. Assuming the Multivariant MIF option, the 

size of the modal model was limited to 128. Figure 11b shows a stabilization diagram with 

many stable poles that represent the potential structural vibrations of the tested object. 
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A 

 

B 

Figure 11. Stabilization diagram made with the use of the SUM indicator with 8 measurement points 
for undamaged full ceramic brick 

 

Validation of the selected poles and the corresponding forms of free vibration should be 

performed to ensure the selection of stable poles, which could be the structural vibrations of 

a solid brick. The validation was performed using the AutoMAC function, and the final result 

is shown in Figure 12 in relation to the analysis object. On this basis, five characteristic modes 

of free vibration of the undamaged solid ceramic brick have been selected and are summarized 

in Table 1. 
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Figure 12. Validation of selected stable poles and the corresponding modes of free vibrations using 
the AutoMAC function 

Table 1. The result of the validation (AutoMAC) in tabular form for undamaged solid ceramic brick 
 

 

 
 



Modern Engineering 2 (2026) 16-32 

 

- 28 - 

 

 

For each of the frequencies of the free vibrations determined, there is a corresponding form 

of these vibrations. The individual modes of the free vibrations for an undamaged (Figure 13A), 

and damaged (Figure 13B) ceramic brick in their maximum deflection from the position of 

equilibrium are shown in the figure below. 

A 

  
                         (2812.16Hz)           (2863.48Hz)                    (3292,11Hz)       (4879.58Hz)              (5572.45Hz) 

B 

   
                                 (3063.06Hz) (3795.39Hz)      (3978.38Hz)               (4494.92Hz) (4729.37Hz)        (4906.34Hz) 

 

Figure 13. Natural frequency’s values of undamaged solid ceramic brick 
 

4. Discussion 

Comparison of the generated diagrams clearly shows that it is possible to detect damage to 

the tested elements. This is demonstrated by the fact that, depending on the suitability or 

damage of the tested element, there is already a diversity in the very repetitive graphical 

appearance of the tested vibration functions. There is a significant difference in the numerical 

values of the surface areas depending on the degree of damage of the tested masonry element. 

This proves that it is possible to detect the occurrence of damage by measuring the FRF function 

at different times in the life of the object (structure). 

The use of vibration-based methods, such as modal analysis, in structural health monitoring 

has been widely explored) [29,34,35]. These methods are effective in identifying changes in 

physical properties that may indicate structural damage or degradation [30,31]. In particular, 

modal analysis has been shown to be useful in discriminating between material properties and 

identifying damage to masonry elements [33]. It can also be used to detect changes in natural 

frequencies and modal damping coefficients that indicate deterioration of structures [32]. The 
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application of these methods is critical for early detection of distress and prevention of structural 

failure [31,36]. In addition, it is worth noting that developments in measurement technologies, 

such as acceleration sensors and speed sensors, are making it possible to monitor the condition 

of structures even more accurately [28]. These advanced sensors allow for real-time data 

collection and dynamic analysis, which is key to quickly detecting even minimal changes in the 

behavior of a structure. 

In addition, research into artificial intelligence techniques, especially machine learning and 

neural networks, is opening new possibilities in the field of structural health monitoring [30,36]. 

These advanced data analysis methods make it possible to identify patterns and anomalies, 

making it possible to diagnose structural problems more precisely and to forecast their future 

development. In the context of sustainability, the use of structural condition monitoring 

methods also allows optimal management of resources and minimization of the negative 

environmental impact of maintenance activities). By detecting damage early, it is possible to 

carry out corrective interventions in a timely manner, which contributes to extending the life of 

structures and reducing the waste generated). 

The combination of traditional modal analysis methods with modern measurement 

technologies and advanced artificial intelligence techniques represents a promising direction in 

the field of structural health monitoring, contributing to both improving infrastructure safety 

and minimizing environmental impact. 

5. Conclusions 

The aim of the article was to present the possibilities of using piezoelectric sensors used in 

the study using the experimental modal analysis methodology and related vibration estimators 

as tools to solve many basic problems related to the state of destruction and dynamics of brick 

elements of a building structure. 

The substantive content of the paper indicates the important role of vibrations in 

construction, The briefly presented elements of the theory of vibrations aimed at the 

possibilities of their use in construction introduce the problems of modeling the dynamic state 

of structures, application cases and the principles of their use in this area. 

The selected methods of obtaining information about the condition of building materials, the 

model of vibration signal transition proposed for the purposes of this study, are based on the 

analysis of vibration processes and the related methods of testing the sensitivity of estimators 

of diagnostic usefulness of various vibration estimators. 

The presented summary and detailed results obtained during the dissertation authorize the 

formulation of the following cognitive conclusions: 

1. the usefulness of the use of piezoelectric sensors for damage testing of building bricks has 

been verified and confirmed by the results of this work; 

2 - the usefulness of the experimental modal analysis (FRF, eigenfrequencies) for the 

assessment of the state of destruction of masonry elements has been verified and confirmed; 

3 - a methodology for the study of the destruction of masonry elements with the use of 

selected vibration estimators has been developed; 
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4 - simulation tests were carried out – constituting a literature requirement to check the 

validity of assumptions as to the model of the tested material (linearity, stiffness, number of 

degrees of freedom) adopted for bench tests; 

5 - a system of acquisition and processing of vibration signals was developed for the 

purposes of testing the destruction of masonry elements; 

6- The usefulness of the AutoMAC function for clear determination of the state of 

destruction of masonry elements tested by vibration method has been confirmed; 

7- The suitability of the SIEMENS LMS Test.Lab measurement system for vibration testing 

in the construction industry has been confirmed. 
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