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Abstract 

 

The article presents the results of the test measurements performed on the 
steel chimney during the installation and tuning of two mass dampers. 

Three surveying devices were used: an interferometric radar, a robotic 

total station and an accelerometer. The methodology of data processing, 
the evaluation of the effectiveness of the applied measurement tools for 

determining vibration frequencies and the logarithmic decrement of 

damping both without damping and with active dampers were presented. 
 
Keywords: steel chimneys, mass dampers, interferometric radar, robotic 
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Pomiary drgań kominów stalowych  
wyposażonych w tłumiki masowe, przy użyciu 
radaru interferometrycznego, tachymetru 
zrobotyzowanego i przyspieszeniomierza 

 

Streszczenie 

 

W artykule przedstawiono metody pomiaru drgań stalowych kominów 
przemysłowych (rys. 1), które są coraz częściej stosowane w przemyśle do 

odprowadzania spalin. Opisano zjawiska powstawania drgań i ich tłumienia 

(rys. 2), na jakie narażone są tego typu obiekty [1, 8], oraz popularne techniki 
stosowane do ich pomiaru [3, 5, 7]. Drgania badanego komina, który został 

wyposażony w dwa tłumiki masowe [2], były mierzone przy użyciu radaru 

interferometrycznego [6, 9, 10, 11] i tachymetru zrobotyzowanego (rys. 4) 
oraz przyspieszeniomierza [4]. Wyniki pomiarów były wykorzystywane  

w trakcie prac terenowych do wykonania poprawnego strojenia tłumików 

zainstalowanych na szczycie komina (rys. 3). Ponadto posłużyły do 
określenia przydatności poszczególnych instrumentów do pomiaru drgań. 

Wyniki opracowano w sposób graficzny (rys. 5 i 6) oraz analityczny, 

poprzez obliczenie dokładności wpasowania funkcji matematycznej w zbiór 
obserwacji (tab. 1) oraz częstotliwości drgań (tab. 2) i logarytmicznego 

dekrementu tłumienia (tab. 3) podczas wykonywanych wzbudzeń. Wszystkie 

użyte instrumenty wyznaczają poprawne wartości analizowanych 
charakterystyk dynamicznych komina i w większości przypadków spełniają 

wymagania normy ISO 4866:2010 w tym zakresie. Wykonane pomiary 

świadczą o poprawności działania zastosowanych tłumików masowych. 
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1. Introduction 
 

According to Article 61 of Polish Building Law (Jounal of 

Laws from 1994, No. 89, item 414), regarding maintenance of 

building structures, the owner or manager of a building structure is 

required to ensure with due diligence the safe use of this structure. 

This implies a need for appropriate safeguarding and periodic 

monitoring of the structure condition during its performance, due 

to the fact that every building structure, or part thereof are subject 

to the action of multiple external and internal factors, which 

results in geometric and structural changes. 

Any physical actions that change the state of the structural 

system are called loads. The following loads are distinguished: 

permanent loads (e.g. dead load, ground load), live loads (e.g. 

insolation, aerodynamics) and accidental (unique) loads (e.g.  

a random impact, seismic shocks). 

According to the standard EN 1990:2002, there are static and 

dynamic loads. Static loads do not cause significant acceleration 

of a structure, while dynamic ones give rise to significant 

accelerations and hence the forces of inertia, resulting in structural 

effort. A group of structures which are strongly exposed to 

dynamic loads includes high structures, such as: masts, towers and 

industrial chimneys (masonry, concrete, steel). 

The content of the article is focused on steel chimneys, which in 

recent years have been erected in industrial plants more and more 

often. This is due to the current rigorous environmental laws as 

well as economic reasons. For the steel single- and multi-flue 

chimneys, there is a large number of design solutions: from simply 

supported, with guy-ropes or in a tripod, to the ones with lattice 

casing (Fig. 1). Additional diversification results from the method 

of joining the components and thermal protection technology 

used, or the shape of the cross-section. 
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Fig. 1.  Examples of design solutions for steel chimneys 

Rys. 1.  Przykłady rozwiązań konstrukcyjnych kominów stalowych 
 

The advantage of steel chimneys is fast and easy installation 

and replacement, a small weight per unit of height, which reduces 

transportation costs, and low friction of exhaust gas, resulting in 

higher speed and thus lower height of the chimney. A certain 

limitation to erecting steel chimneys, as compared with rigid 

reinforced concrete chimneys, is their higher susceptibility to 

permanent and live loads, for example wind. 

The characteristic wind loads of chimneys, acting in the 

direction of the wind pressure, depend on the elevation above the 

ground level, aerodynamic drag, pressure of wind speed and wind 

gust factor. Wind loads may also include the so-called Benard-

Karman vortices, causing vibrations of the structure in a direction 

perpendicular to the direction of the blowing wind. This 

phenomenon, which is caused by synchronous detachment of the 

air stream vortices from the structure, is also called the 

aerodynamic excitation. 

The occurrence of this effect may lead to the emergence of the 

phenomenon of resonance, which, combined with a very low self-

damping of steel chimneys, often leads to the formation of the 

vibrations with high amplitude, which is dangerous for the 

structure. In extreme cases, this can lead to an immediate 

destruction of the structure as a result of exceeding the strength of 

the load-bearing structure. More often, however, the failure or 

destruction occurs over time, due to the so-called fatigue, caused 

by a multi-cycle character of the load. One solution to this 

problem is equipping steel chimneys with the devices interfering 

the process of the formation of wind vortices, known as 

turbulators [1]. It is a simple technical solution, which has been 

used for a long time, but it is not always effective. In addition, it 

significantly increases the aerodynamic drag coefficient of the 

structure, resulting in the increased wind pressure load, which is 

typically the load determining the dimensions of the chimney 

structure. Another solution, which is free from the above-

mentioned defects, are mechanical vibration dampers [2], limiting 

structure vibrations by greatly increasing its damping. 

Mechanical vibration dampers are designed individually for 

each chimney with regard to its technical parameters and design 

solutions. They form the basis for determining model (theoretical) 

values of the natural frequency and the logarithmic decrement of 

damping (LDD) of the structure. The model values which are not 

able to take into account all the variables relevant to the final 

result of the calculations, differ from the actual parameters 

describing the dynamic response of the structure. For this reason, 

mass dampers are prepared with some reserve, and require tuning 

on the structure in order to properly (optimally) implement energy 

dissipation of the structure in question. 

At this stage, measurements are required, and determining the 

actual vibration frequency of the structure and LDD. For this 

purpose, various types of electrical sensors are used: inductive, 

capacitive, with the most popular MEMS accelerometers among 

them, photoelectric, strain gauges, string, piezoelectric 

(accelerometers) [3, 4]. These sensors must be mounted directly 

on the structure, and their long-term efficiency is difficult due to  

a need to supply power to the sensor itself, as well as the recorder. 

The proposed solutions also include those based on satellite 

measurements, using GNSS precise satellite receivers. However, 

despite the high sampling frequency (up to 100 Hz), the positional 

accuracy at such high frequencies is not suitable for a study of 

low-amplitude vibrations, and they have the same limitations as 

the above-mentioned sensors [5]. In this regard, alternative 

solutions appear in the field of lidar measurements (vibrometers) 

and radar measurements (ground-based interferometric radars), 

performed without any contact from the positions moved away 

from the structure and surveying with the maximum frequency 

higher than 100 Hz [6]. The use of surveying tools and methods to 

implement this type of research is also known [7]. Recently,  

a class of robotic electrooptical total stations appeared on the 

market, which have such fast servomotors and measuring signal 

analyzers, that they allow to measure a position with the frequency 

declared at the level of 10 Hz. The frequency range of structure 

response to wind excitation falls within the range of 0.1 Hz  

to 10 Hz. The standard ISO 4866:2010 specifies that such 

measurements should be sampled with the frequency which is at 

least five times greater than the highest vibration frequency 

subject to the analysis. Therefore, these total stations have  

a potential to detect vibrations in the range of 0.1 to 2 Hz. 

The article presents the results of test studies carried out on  

a newly constructed steel chimney, equipped with two mechanical 

mass dampers (with internal damping liquid). The surveys used 

three measuring devices: MEMS accelerometer, prepared by 

EMKA company, ground-based interferometric radar IBIS-S and 

total station Leica Nova MS50 MultiStation. Based on the results, 

the actual values of dynamic characteristics of the chimney with 

blocked and released dampers were determined. Afterwards, the 

dampers were tuned, demonstrating effectiveness of their 

performance with successive surveys. On the basis of the obtained 

results, the usefulness and limitations of these surveying tools 

which have practical application were demonstrated in the 

specified measurement problem. 

 

2. Chimney vibrations and damping 
 

From the mechanical point of view, in terms of their construction, 

chimneys are examples of rigidly fixed beams. Under the dynamic 

impact, they become excited and vibrations of the structure occur. If 

the test structure is in the linear-elastic range (it shall not be subject 

to failure) and exhibits the classical modes of vibration, the dynamic 

properties of the structure are described by the following dynamic 

characteristics: the modes of natural vibration, the natural 

frequencies, the logarithmic decrements of damping. All the 

characteristics of vibrations are determined according to the 

appropriate calculation procedures (EN 1991-1-4:2005). 

A mode of vibration is a configuration of a set of points of the 

vibrating system at that moment when not all of the deflections of 

the points from their average positions are equal to zero. Most of 

vibrating systems have infinitely many modes of vibrations. Their 

determination is subject to a modal analysis. The current mode of 

the vibrating system is always a composition of all modes of 

vibration, however, not all of them have to occur in the same extent. 

The natural frequency is the frequency at which a structure 

vibrates freely when it is thrown out of the equilibrium position. 

Knowledge of the natural frequency value is important regarding 

the danger of the occurrence of resonance. It is a very rapid 

increase in the vibration amplitude of the system. By definition, 

resonance occurs when the frequency of forcing vibrations equals 

(or is close to) the natural vibration frequency of the system. The 

natural factor forcing vibrations of chimneys is the wind load and 

the phenomenon of detachment of Benard-Karman vortices. The 

relationship between the frequency of vortex detachment fv and the 

ratio of the wind speed U to the width of the structure d is 

expressed by the Strouhal number (St):  

 

 
U

d
fSt v . (1) 

 

On this basis it is possible to determine the critical speed of 

wind, i.e. such speed at which the frequency of detachment of 

vortices reaches the natural frequency of the structure. Resistance 

of the structure to the phenomenon of resonance is associated with 
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vibration damping capacity. Vibration damping means a reduction 

of the variable characterizing the vibrations, e.g. displacement, as 

a result of mechanical energy dissipation. In a structure with low-

capacity damping, large displacements may occur, as a result of 

which a structure which is subject to forcing, may suffer damage 

or even be destroyed. Therefore, it is important to have the 

knowledge about the damping capacity of a structure. This 

parameter is usually described by means of the logarithmic 

decrement of damping:  

 

1

ln



n

n

A

A
Λ , (2) 

 

where An and An+1 mean the values of the successive amplitudes of 

vibrations in the same direction for a damped harmonic motion 

(Fig. 2). 

 

 
 

Fig. 2.  Function of time in a damped harmonic motion 

Rys. 2.  Funkcja czasu w ruchu harmonicznym tłumionym  
 

The value of the logarithmic decrement of damping is also used 

to calculate the susceptibility to vibrations, which is expressed by 

the Scruton number [8]: 

 
2

2

b

Λm
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 , (3) 

 

where: m – the equivalent mass per length unit of the structure at 

vibrations of the mode of vibration, b – reference width of the 

cross-section, and ρ – density of the air. 

One of the primary purposes of conducting analyses and 

numerical modeling of the dynamic behavior of engineering 

structures is to prevent the occurrence of resonance between the 

natural vibrations of the structure and the potentially occurring 

excitations. Due to the inaccuracies of the data, model 

approximations and load changes during the use, there are 

differences between the determined values of the parameters 

characterizing the dynamic behavior of the structure and its actual 

response. Therefore, an approach is recommended which is based 

on the principle of research-aided design, which means the 

determination of dynamic characteristics by testing real structures. 

When the structure is equipped with vibration-damping devices, 

the value of the decrement of damping should be especially 

calculated using both theoretical and experimental methods. 

Field studies of dynamic characteristics are carried out using 

sensors which perform measurements in a discrete manner, where 

the domain is a finite, n-element set of values, and the 

counterdomain is also a finite set of values of the signal x(n). As  

a result of such a measurement, a distribution of the measurement 

values in the form of point values recorded in the time domain is 

obtained. 

In order to determine the basic dynamic characteristics of the 

test structure, a damped harmonic function should be fitted into 

the set of observations and expressed by the following formula: 

 

     ctAy   sinexp , (4) 

 

where: A – the maximum amplitude, β – the vibration damping 

coefficient, t – time, ω – the frequency of vibration in radians,  

φ – phase, and c – the signal shift. 

According to this equation, the calculations contained later in 

this article were carried out. 

 

3. Vibration dampers 
 

In order to prevent the adverse impact of the aerodynamic 

factors on the structure, mechanical dampers are used, which are 

installed on the structure. The task of the dampers is to reduce the 

dynamic responses induced by forcing. 

The types of dampers include: passive, active, semi-active and 

hybrid ones [2]. The passive damping systems include the 

following types of dampers: 

 systems based on inelastic deformations of metal elements, 

 friction dampers, 

 viscoelastic dampers, 

 sticky liquid dampers, 

 tuned mass dampers, 

 tuned liquid dampers. 

The chimney, which was subject to the described research 

experiment, was equipped with two mass dampers (Fig. 3), based 

on the patent application No. P.398909. 

In general, the used dampers are equipped with solid metal balls 

immersed in the oily liquid. The weights in the form of spherical 

pendulums were mounted on the arms of adjustable length, 

suspended on two-axis joints to allow free tilting in any direction. 

Damper tuning is achieved by adjusting the length of the arm  

(a change in the length of the pendulum), or a change in the 

viscosity parameters of the oily liquid. 

 

 
 

Fig. 3.  The installation method of dampers on the structure, a view and the diagram 

of a single damper 

Rys. 3.  Sposób montażu tłumików na obiekcie, widok i schemat pojedynczego 

tłumika 
 

 

4. The tools used to measure vibrations 
 

The concept of vibration is used to describe the processes in 

which the analyzed values are functions of time, usually 

increasing and decreasing alternately in successive time intervals. 

If the change in the kinematic or dynamic value, referring to the 

mechanical system, is a function of time, then the term 

“mechanical vibrations” is used. Mechanical vibrations can be 

characterized by the variability of the physical quantities such as 

displacement, velocity and acceleration. Thanks to the knowledge 

of the transfer function of the measurement system, each of them 

can be calculated on the basis of another one through integration 

or differentiation. However, the standard ISO 4866:2010 advises 

to avoid such calculation processes, and recommends measuring 

directly the required value. 

The basic characteristics describing the dynamic response of  

a structure include the period of natural vibrations of the first and 

subsequent modes, as well as the logarithmic decrement of 

damping, which shows the rate of damping the vibrations of  

a structure after the vibration-inducing factor has been discontinued. 
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The frequency range of vibrations of building structures 

depends on the spectral content of the forcing and on the 

mechanical response of the structure. It is assumed (ISO 

4866:2010), that it ranges of 0.1 Hz to 500 Hz, covering a wide 

variety of excitation sources, both natural (such as wind) and 

artificial ones (such as impacts during the use). Measurements of 

machine-induced vibrations may, however, require a much wider 

frequency range, while for measuring the vibrations of high 

building structures and bridges, the sampling rate can be reduced. 

Furthermore, the frequency response of structures to wind 

excitation falls within the range of 0.1 Hz to 10 Hz. 

The most important requirements regarding the measurement of 

vibrations, given by the standard ISO 4866:2010, which are 

particularly important for this paper, are as follows: 

 the measurement of the amplitude of vibrations should be 

carried out continuously, long enough, with the accuracy 

allowing to separate the spectral content, 

 the sampling should be performed with the frequency at least 

five times greater than the highest frequency of vibration 

subject to the analysis, 

 the measurement system should allow to estimate the frequency 

of vibration with the error of ±0.5%, and damping with the error 

of ±20%. 

In the analyzed experiment, to measure the vibrations of the 

industrial chimney, the following equipment was used:  

 ground-based interferometric radar IBIS-S, 

 robotic total station Leica Nova MS50 MultiStation, 

 MEMS accelerometer prepared by the EMKA company. 

Interferometric radar IBIS-S is used to measure displacements 

of building structures [9, 10]. It can be used both to observe static 

displacements and vibrations [11]. Displacements are observed as 

differences in phases of the wave with the length of 17.4 mm, 

transmitted by the radar and reflected by the observed structure. 

The characteristics of this system, which are particularly relevant 

to this study, are: 

 sampling rate of a maximum of 200 Hz, however, depending on 

the maximum range and range resolution, 

 range resolution of a maximum of 0.5 m, which means that  

a number of points which are in the mutual distances exceeding 

0.5 m in the direction of the radar axis may be subject to 

observation, 

 maximum range of operation approaching 1 km, 

 displacement measurement error of less than 0.1 mm, providing 

a strong reflection of the radar wave from the observed point, 

 a possibility to perform observations without having to access 

the structure. 

A significant disadvantage while carrying out full monitoring of 

the structure is, however, a possibility to perform observations of 

displacements in one direction only – the direction of the radar axis. 

The robotic total station Leica Nova MS50 is a modern 

surveying instrument which is a universal tool for measuring 

engineering structures. A feature of this device, which allows it to 

be used in measuring the dynamics of a chimney, is the frequency 

of carrying out distance and direction measurements of 10 Hz, 

which is quite high as for a total station. The instrument is 

equipped with the ATR function, which makes it possible to 

automatically track direction changes, but it requires the EDM 

prism to be installed on the structure. Reflectorless measurement, 

which is useful to observe displacements as distance changes, is 

also possible, however, it does not provide a possibility to measure 

position changes of the observed point in the direction 

perpendicular to the line of sight. The instrument allows to 

observe a single point only. 

The accelerometer, which was used in this work, is a 3-axis 

MEMS sensor developed on the basis of commercially available 

electronic components. Control and communication with the 

sensor is performed using the recording and analyzing software 

developed by EMKA company, operating on a portable PC. The 

sensor has the following technical parameters: ±2 g measurement 

range, 50 Hz sampling frequency, 14-bit sampling resolution, 

0.466 mg noise level (RMS). 

 

5. Measurement objectives and research 
methodology 

 

The experiment was carried out for a steel industrial chimney 

with a height of 60 m. The aim of the measurement was tuning the 

damper, i.e. adjusting such a length of the pendulum so that the 

damping of the vibrations was the greatest. For this purpose, it 

was necessary to determine the actual natural frequencies of the 

chimney. The assessment of the effect of the applied mass 

dampers was made on the basis of the actual values of LDD. 

Additionally, the measurement experiment was used to verify 

the possibilities of the selected vibration measurement tools in the 

context of determining natural frequencies and the decrement of 

damping of a steel chimney equipped with mass dampers. 

For the measurement purposes, the X-axis direction was 

assumed as parallel to the horizontal line connecting the position 

of the interferometric radar (or the total station) with the vertical 

axis of the chimney, and the direction of the Y axis – as 

perpendicular to it and horizontal (Fig. 4). 

 

 
 

Fig. 4.  Setting the ground-based instruments in relation to the studied chimney 

(Leica MS50 on the left, IBIS-S on the right) 

Rys. 4.  Ustawienie instrumentów naziemnych względem badanego komina  

(po lewej Leica MS50, po prawej IBIS-S)  
 

Field works were carried out according to the following 

schedule: 

1. Measurement of the chimney vibrations forced in the direction 

of the X axis (excitations no. 11, 12, 13) and the Y axis 

(excitations no. 21, 22, 23) with a blocked (inactive) damper. 

2. The initial tuning of the damper, based on the obtained results 

of vibration frequency and decrement of damping. 

3. Measurement of the chimney vibrations forced in the direction 

of the X axis (excitation no. 31) and the Y axis (excitation no. 

41) with a released (active) damper. 

4. The ultimate tuning of the damper, based on the obtained results 

of vibration frequency and decrement of damping. 

5. Measurement of the chimney vibrations forced in the direction 

of the X axis (excitations no. 51, 52, 53) and the Y axis 

(excitations no. 61, 62, 63) with the tuned damper. 

Figure 5 illustrates sample observation data collected during one 

dynamic excitation along the X axis. All observations are discrete 

values and they have been presented accordingly on the graphs. 

It is possible to draw conclusions from the Figure 5 about the 

advantages and disadvantages of each device. Ground-based 

interferometric radar has a high sampling frequency, but it allows 

to observe displacements in one direction only (Fig. 5a). Robotic 

total station, also set at the ground level, gives a much lower 

sampling, but it allows to observe displacements in two directions 

(Fig. 5b). In order to better illustrate the variability of the position 

of the chimney top, the discrete observations were connected by 

the polyline (Fig. 5c). On the other hand, the accelerometer 

installed on the top of the chimney has a fairly high sampling 
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frequency, it can perform observations in two axes, but due to the 

operation of the recording and analyzing software, it allows to 

record several seconds of the observed phenomenon (Fig. 5d). 

 
a) 

 
b) 

 
c) 

 
d) 

 
 

Fig. 5.  Record of damped vibrations based on the observations using: a) IBIS-S 

radar, b-c) MS50 total station, d) accelerometer 

Rys. 5.  Zapis drgań tłumionych na podstawie obserwacji przy użyciu: a) radaru 

IBIS-S, b-c) tachymetru MS50, d) przyspieszeniomierza 

 

 

6. Analysis of the observation data 
 

Processing of the measurement results included fitting the 

continuous function into a set of discrete values, according to the 

equation (4). For this purpose, a non-linear regression was used, 

using the method of least squares to fit the model. 

Figures 6a-c demonstrate a sample record of the excitation of 

vibrations in the direction of the X axis by all the instruments with 

a damper which remains inactive. On the other hand, Figures 6d-f 

contain the record of similar observations, collected during the 

excitation of vibrations damped by the ultimately tuned damper. 

The discrete values from the measurement were marked in black, 

and in blue – a graph of a function of the damped harmonic 

motion, fitted into the data set. Visual analysis of the data allows 

to identify high effectiveness of the damper, which was confirmed 

in the further study. 

The accuracy of fitting the damped exponential function into 

the recorded observation data sets was expressed using two 

parameters – adjusted R-squared and root mean square error 

(RMSE). Their values were calculated separately for each 

instrument, for each damper setting and for each direction of 

excitation. The obtained values were averaged when a given 

excitation was repeated. The results have been summarized in 

Table 1. 

The obtained results present a very good fitting of model 

functions to the discrete data in the case of the observations 

carried out with the radar and the accelerometer. To express them 

in the units in which the measurement was carried out, they do not 

exceed 1 mm and 2 mg, respectively. In the case of the total 

station observations, with clearly lower sampling frequency, the 

fitting is worse and it falls within the range of 1 to 6 mm. 

 

a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
 

Fig. 6.  The observations recorded during the excitation of the undamped vibrations 

using: a) IBIS radar, b) MS50 total station, c) accelerometer; and the 

damped vibrations using: d) IBIS radar, e) MS50 total station, f) 

accelerometer (red points represent outliers) 

Rys. 6.  Obserwacje zarejestrowane podczas wzbudzenia drgań nietłumionych przy 

użyciu: a) radaru IBIS, b) tachymetru MS50, c) przyspieszeniomierza; oraz 

drgań tłumionych przy użyciu: d) radaru IBIS, e) tachymetru MS50, f) 

przyspieszeniomierza (czerwone punkty oznaczają obserwacje odstające) 

 

 
Tab. 1. The accuracy of fitting the function into a set of observations 

Tab. 1. Dokładność wpasowania funkcji w zbiór obserwacji 

 

Instr. Parameter 
Inactive damper 

Initially tuned 

damper 

Ultimately tuned 

damper 

X axis Y axis X axis Y axis X axis Y axis 

IBIS 
Adjusted R2 0.993 

n/a 
0.998 

n/a 
0.991 

n/a 
RMSE [mm] 0.8 0.1 0.2 

MS50 
Adjusted R2 0.700 0.771 0.860 0.696 0.876 0.880 

RMSE [mm] 5.8 4.6 1.7 2.8 1.4 1.2 

Accel. 
Adjusted R2 0.999 0.999 0.995 0.994 0.962 0.963 

RMSE [mg] 2.0 1.5 1.1 1.1 1.6 2.0 

 

On the basis of fitting the function, parameters A, β, ω, φ, c 

were determined together with their errors. Both β and ω values 

were used to calculate the natural frequency f of the chimney 

vibrations and the logarithmic decrement of damping Λ: 

 

   2//1  Tf , (5) 

 

 fTΛ /  .  (6) 

 

The errors of these values (mf and mΛ) have been determined in 

accordance with the error propagation law based on the errors of 

the parameters β and ω determined using nonlinear regression. 

The results were determined for each excitation individually (Tab. 
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2 and Tab. 3). Due to the fact that the IBIS radar measures 

displacements in one direction only, it is impossible to analyze the 

vibrations in the direction of the Y axis. 

As demonstrated by the calculation results, the errors of 

determining the values of natural frequency and logarithmic 

decrement of damping, calculated on the basis of fitting the 

function into a set of observations, in most cases satisfy the 

requirements of the standard ISO 4866:2010 and they do not 

exceed 0.5% and 20%, respectively. The values of the errors 

obtained by the interferometric radar and the accelerometers are 

much smaller than the ISO standard values. In the case of the 

MS50 total station, the requirements of the standard are not 

satisfied for some cases, especially for strong damping of 

vibrations. It can be assumed that this is the effect of recording  

a set of observations which is too small due to a quick fading of 

the phenomenon and low sampling frequency. 

 
Tab. 2. The values of the vibration frequency f with errors mf 

Tab. 2. Wartości częstotliwości drgań f wraz z błędami mf  

 

Damper 

setup 
Axis 

Exc.

no. 

IBIS MS50 Accelerometer 

f [Hz] mf [%] f [Hz] mf [%] f [Hz] mf [%] 

Inactive 

damper 

X 

11 0.905 0.01 0.920 0.21 0.905 0.02 

12 0.905 0.01 0.904 0.04 0.905 0.02 

13 0.904 0.01 0.917 0.12 0.904 0.02 

Y 

21 

n/a 

0.897 0.25 0.903 0.02 

22 0.904 0.07 0.904 0.02 

23 0.888 0.14 0.909 0.02 

Initially 

tuned 

damper 

X 31 0.926 0.01 0.935 0.29 0.926 0.03 

Y 41 n/a 0.900 0.71 0.924 0.03 

Ultimately 

tuned 

damper 

X 

51 0.921 0.03 0.862 0.22 0.929 0.10 

52 0.922 0.03 0.918 0.73 0.925 0.09 

53 0.923 0.02 0.916 0.59 0.918 0.07 

Y 

61 

n/a 

0.904 0.84 0.927 0.12 

62 0.898 0.28 0.922 0.09 

63 0.863 0.76 0.923 0.10 

 

 
Tab. 3. The values of the logarithmic decrement of damping Λ with errors mΛ 

Tab. 3. Wartości logarytmicznego dekrementu tłumienia Λ wraz z błędami mΛ 

 

Damper 

setup 
Axis 

Exc.

no. 

IBIS MS50 Accelerometer 

Λ mΛ
 
[%] Λ mΛ

 
[%] Λ mΛ

 
[%] 

Inactive 

damper 

X 

11 0.044 0.3 0.065 19 0.035 3 

12 0.035 0.3 0.043 5 0.026 3 

13 0.034 0.4 0.047 16 0.026 5 

Y 

21 

n/a 

0.094 16 0.043 2 

22 0.059 7 0.036 2 

23 0.062 13 0.043 2 

Initially 

tuned 

damper 

X 31 0.13 0.2 0.13 14 0.13 2 

Y 41 n/a 0.21 20 0.13 2 

Ultimately 

tuned 

damper 

X 

51 0.23 0.6 0.20 7 0.23 3 

52 0.23 0.8 0.24 18 0.24 2 

53 0.21 0.4 0.20 18 0.21 2 

Y 

61 

n/a 

0.20 25 0.22 3 

62 0.21 8 0.21 3 

63 0.27 17 0.22 3 

 

7. Conclusions 
 

To measure the vibrations of a steel chimney with a height of 60 

m, three independent surveying instruments were used: 

interferometric radar, robotic total station and accelerometer. All of 

them made it possible to measure the vibration frequency of the 

structure and to determine the logarithmic decrement of damping, 

and thus allowed to tune the damper and verify the correctness of its 

performance. Between the obtained results, especially between the 

values of the obtained errors of their determination, there are 

differences resulting from different accuracy and different sampling 

rates. The results obtained by the radar and by the accelerometer 

meet the requirements of the standard ISO 4866:2010 on the 

sampling rate and the error of determining the dynamic 

characteristics of a steel chimney. These results are consistent with 

each other in the range of 0.01 Hz (frequency of vibration) and 0.01 

(LDD). Unlike the accelerometer, the radar does not give any 

information on the studied phenomenon in two horizontal, mutually 

perpendicular axes. Measurement of vibrations in a direction 

perpendicular to the radar axis requires a change in its location. The 

advantage of this solution, though, is no need for installation of the 

equipment on high building structures. Moreover, the studies have 

confirmed that the interferometric radar provides the correct results 

of the frequency and LDD values, and thus its use eliminates a need 

for access to the structure. 

In the case of the robotic total station equipped with the ATR 

function, it is possible to track the spatial location of the EDM 

prism installed on the studied structure. The obtained results of the 

vibration frequency and the logarithmic decrement of damping are 

slightly different from the values obtained previously, but in most 

cases they meet the requirements of the standard. The actual 

sampling frequency of the total station of approximately 5.5 Hz 

proved to be lower than the one specified by the manufacturer  

(10 Hz). This means that, in accordance with the standard, it is 

possible to determine the vibration frequency not higher than 1.1 

Hz, although according to the Nyquist-Shannon sampling 

theorem, this limiting frequency is 2.75 Hz. 

 
The work was completed and financed within the scope of AGH-UST statutory 

research no. 11.11.150.005. 
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