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Abstract. Civil engineering structures are extremely sensitive at influence of outdoor conditions. Most often 
these are the influence of wind, sunshine, temperature changes of the surrounding and at least the influence 
of the own or other loading. According to resonance of the structure with the surrounding is coming to 
vibration and oscillation in relative high frequency interval (0.1 Hz - 100.0 Hz). These phenomena 
significantly could affect the static and dynamic characteristics of structures, their safety and functionality. 
The paper brings an example of monitoring these phenomena. The object of monitoring is the Danube Bridge 
Apollo in Bratislava, which main steel structure was monitored by acceleration sensors at the frequency level 
up to 10 Hz. 
The main topic of the paper is the analysis of dynamic behaviour of structure using spectral analysis method. 
The usage of Fourier Transform is described, own frequencies and amplitudes of structure oscillation are 
calculated. 
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1 Introduction 

It is more and more necessary today to monitor 
the dynamic deformation of civil engineering 
structure, as such deformations could
stability and safety. A dynamic deformation
generally characterized by vibrations, inclinations and 
other changes in a relatively short period, which are 
represented in a frequency range by values ranging 
from 0.1 Hz and beyond. In these cases it is important 
to identify not only the amplitudes of a structure’s 
movements but also their frequencies, too.

The Department of Surveying at the 
University of Technology (SUT) 
(Slovakia) has been monitoring dynamic effects on 
civil engineering structures of different types and 
dimensions for a long time. The presented paper 
provides examples of the measurement system of the 
bridge structure situated in Bratislava. Analysis of the 

 

Fig

The bridge structure consists of eight parts 
steel structure with a length of 517.5 m, the 
concrete approach viaduct with a length of 236.0 m, 
the Bratislava concrete approach viaduct with a length 
of 195.0 m, and five additional parts – 
and two cycling bridges. The main part of the bridge 
is an arch steel structure with a span length
and height of the arch of 36.0 m [1]. 

The main part of the bridge consists of two steel 
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It is more and more necessary today to monitor 
the dynamic deformation of civil engineering 

could affect their 
stability and safety. A dynamic deformations are 

terized by vibrations, inclinations and 
other changes in a relatively short period, which are 
represented in a frequency range by values ranging 
from 0.1 Hz and beyond. In these cases it is important 
to identify not only the amplitudes of a structure’s 

ements but also their frequencies, too. 
The Department of Surveying at the Slovak 

 in Bratislava 
(Slovakia) has been monitoring dynamic effects on 
civil engineering structures of different types and 

The presented paper 
provides examples of the measurement system of the 
bridge structure situated in Bratislava. Analysis of the 

steel structure vibrations based on the accelerometer 
measurement is made with 10 Hz sample rate, which 
is sufficient for determination of the significant 
frequencies of the structure movement. Spectral 
analysis is used to analys
of the structure deformation. The spectral density 
estimation of the measured time series is made by 
Fast Fourier transformatio

2 The Apollo Bridge in Bratislava

The Apollo Bridge is one of five bridges in 
Bratislava that cross the Danube (Fig
bridges are part of the most important transportation 
corridors in Bratislava. The traffic load, changes 
the water level of the river Danube, and many other 
factors affect the basic functioning and safety of the 
bridge structure. 

 

Fig. 1. The Apollo Bridge in Bratislava 

The bridge structure consists of eight parts – a 
steel structure with a length of 517.5 m, the Petržalka 
concrete approach viaduct with a length of 236.0 m, 
the Bratislava concrete approach viaduct with a length 

 three staircases 
part of the bridge 

steel structure with a span length of 231.0 m 

The main part of the bridge consists of two steel 

beams with an orthotropic bridge floor 
beams are suspended on two inclined steel arches in 
the center. This part consists of six expansion fields 
with spans that are 52.5 m, 2 x 61.0 m, 63.0 m, 231.0 
m and 49.0 m long. The top of the arch is 36.0 m high 
over the bridge deck. The pilla
injection and micro pilots. One of the pillars is 
positioned in the river. The main bridge structure was 
assembled on the river bank and then rotated and 

Vol. 3, No. 1 (2015) 
steel structure vibrations based on the accelerometer 
measurement is made with 10 Hz sample rate, which 

mination of the significant 
frequencies of the structure movement. Spectral 

sing the frequency spectrum 
of the structure deformation. The spectral density 
estimation of the measured time series is made by 
Fast Fourier transformation. 

in Bratislava 

The Apollo Bridge is one of five bridges in 
Bratislava that cross the Danube (Figure 1). These 
bridges are part of the most important transportation 
corridors in Bratislava. The traffic load, changes of 

of the river Danube, and many other 
factors affect the basic functioning and safety of the 

 

 

ith an orthotropic bridge floor (the deck). The 
beams are suspended on two inclined steel arches in 
the center. This part consists of six expansion fields 
with spans that are 52.5 m, 2 x 61.0 m, 63.0 m, 231.0 

and 49.0 m long. The top of the arch is 36.0 m high 
over the bridge deck. The pillar bases were built by 
injection and micro pilots. One of the pillars is 
positioned in the river. The main bridge structure was 
assembled on the river bank and then rotated and 
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turned across the river from the construction site into 

 

Fig

The measurement system consisted of four 1D 
HBM B12/200 accelerometers manufactured by 
Hottinger Baldwin Measurements and was in
on the bridge deck (Figure 2). These inductive sensors 
have an operating frequency of up to 200 Hz and a
 

The HBM B12/200 accelerometers are situated 
on the left side of the bridge deck in each quarter of 
the length of the main bridge field (points PBZ01 to 
PBZ03), and the fourth accelerometer is situated on 
the right side in the center of the main bridge field 
(point PBZ04). The measurement axis of all the 
accelerometers is vertical (Figure 3). 

3 Processing of the data 

In the case of the dynamic loading of structures, it 
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construction site into the final position over the pillars 

Fig. 2. Locations of the accelerometers 

The measurement system consisted of four 1D 
HBM B12/200 accelerometers manufactured by 

and was installed 
These inductive sensors 

have an operating frequency of up to 200 Hz and a 

measuring range of up to 200 m
the sensors is defined by a relative error of up to ± 2 
% [4]. The measured signal is digitized by a Spide
A/D acquisition system and 
[2, 3, 5]. 

   
Fig. 3. Accelerometer HBM B12/200 

The HBM B12/200 accelerometers are situated 
on the left side of the bridge deck in each quarter of 

length of the main bridge field (points PBZ01 to 
PBZ03), and the fourth accelerometer is situated on 
the right side in the center of the main bridge field 
(point PBZ04). The measurement axis of all the 

In the case of the dynamic loading of structures, it 

is also desirable to describe their deformations, which 
are parallel to the trajectory on a frequency spectrum. 
Generally, the structural natural frequencies
frequencies of the forced vi
being calculated. Estimation of these characteristics 
can be provided by spectral analysis methods, which 
enable to determine spectral density of time series. 
Figure 4 describes steps of accelerometer data 
processing. 
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the pillars [2, 3]. 

 

 

measuring range of up to 200 m·s-2. The accuracy of 
the sensors is defined by a relative error of up to ± 2 

. The measured signal is digitized by a Spider 8 
and controlled by computer 

is also desirable to describe their deformations, which 
are parallel to the trajectory on a frequency spectrum. 

structural natural frequencies or the 
frequencies of the forced vibration of the structure are 
being calculated. Estimation of these characteristics 
can be provided by spectral analysis methods, which 
enable to determine spectral density of time series. 
Figure 4 describes steps of accelerometer data 
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Fig

The accelerometers provide measurements and 
data registration at a 10 Hz sample rate. Measured 
accelerations are transformed into velocities and 
relative displacements by double integration of 
acceleration data between two next epochs of 
measurement, according to general formula
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where s(t) is the displacement at time t, a(t) is 
the acceleration at time t, so is the initial posi
and vo is the initial velocity [6]. 

Accelerometer drift is eliminated by high
filter of low frequencies in time series. In this case 
moving average filter has been applied. Frequency 
characteristics are determined by spectral analysis 
methods. Generally, the Fourier Transformation is 
used. Describes a signal by its harmonic functions 
and can be used for transforming a signal from a 
time domain to a frequency domain [7]. Generally 
is defined as 
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In practical use, a power spectral density is 

estimated by Fast Fourier transformation (FFT) 
algorithm with application of Hamming spectral 
window function. FFT is algorithm for Discrete 
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Fig. 5. Displacements (left) and periodogram (
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Fig. 4. Steps of processing of the data 

The accelerometers provide measurements and 
data registration at a 10 Hz sample rate. Measured 
accelerations are transformed into velocities and 

ts by double integration of 
acceleration data between two next epochs of 
measurement, according to general formula 

������ �� (1) 

where s(t) is the displacement at time t, a(t) is 
the acceleration at time t, so is the initial position, 

Accelerometer drift is eliminated by high-pass 
filter of low frequencies in time series. In this case 
moving average filter has been applied. Frequency 
characteristics are determined by spectral analysis 

enerally, the Fourier Transformation is 
used. Describes a signal by its harmonic functions 
and can be used for transforming a signal from a 
time domain to a frequency domain [7]. Generally 

��. (2) 

In practical use, a power spectral density is 
estimated by Fast Fourier transformation (FFT) 
algorithm with application of Hamming spectral 
window function. FFT is algorithm for Discrete 

Fourier transformation (DFT) solving, which is 
based on transformation of discrete measurements 
from time domain to frequency domain [8]. 
Generally, DFT is described by mathematic formula

  �� � ∑ � !��
 "�

where y is measured data and the w i
window function [8, 
significant frequencies from the discrete frequency 
spectrum, the Fisher’s asymmetric statistical test of 
periodicity was used [7, 

4 Analysis of the data

The spectral density estimation was done using 
data sets with 18,000 epochs, which represent a 
time range of 30 minutes. The maximum 
deformation ranges up to 1 mm. The greatest effect 
on the dynamic deformation of the structure is 
caused by both - transportation (traffic) and weather 
loading. As an illustration, intervals with and 
without a traffic load were chosen from 
measurements realized at points PBZ01 (Fig
and 6) and PBZ02 (Figures
3 and 4, significant frequencies determined by 
Fisher’s asymmetric statistical test of periodicity are 
shown. 
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Fourier transformation (DFT) solving, which is 
n of discrete measurements 

from time domain to frequency domain [8]. 
Generally, DFT is described by mathematic formula 

 #�$��%& ���� �! �, (3) 

is measured data and the w is a spectral 
window function [8, 9]. For determining the 
significant frequencies from the discrete frequency 
spectrum, the Fisher’s asymmetric statistical test of 

, 10]. 

of the data 

The spectral density estimation was done using 
data sets with 18,000 epochs, which represent a 
time range of 30 minutes. The maximum 
deformation ranges up to 1 mm. The greatest effect 
on the dynamic deformation of the structure is 

transportation (traffic) and weather 
loading. As an illustration, intervals with and 

load were chosen from 
measurements realized at points PBZ01 (Figures 5 

ures 7 and 8). In Tables 1, 2, 
3 and 4, significant frequencies determined by 
Fisher’s asymmetric statistical test of periodicity are 
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significance level 
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Table 1: Dominant frequencies at the PBZ01 from 04:30 p.m. to 05:00 p.m. – with traffic 

Number of 
significant 
frequencies 

Test statistic 
Ŵ  

Critical 
value 

critF  

Frequency 
[Hz] 

Period 
[s] 

154 

4.343.10-3 7.759.10-4 1.47 0.68 

9.469.10-3 7.749.10-4 2.17 0.46 

1.209.10-2 7.748.10-4 2.35 0.42 
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Fig. 6.  Displacements (left) and periodogram (right) at the PBZ01 from 00:00 a.m. to 00:30 a.m. – without traffic 

Table 2: Dominant frequencies at the PBZ01 from 00:00 p.m. to 00:30 p.m. – without traffic 

Number of 
significant 
frequencies 

Test statistic 
Ŵ  

Critical 
value 

critF  

Frequency 
[Hz] 

Period 
[s] 

218 

2.325.10-3 7.758.10-3 0.55 1.82 

4.398.10-3 7.752.10-3 1.49 0.67 

4.135.10-3 7.753.10-3 2.19 0.46 

1.096.10-2 7.748.10-3 2.37 0.42 
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Fig. 7. Displacements (left) and periodogram (right) at the PBZ02 from 04:30 p.m. to 05:00 p.m. – with traffic 

Table 3: Dominant frequencies at the PBZ02 from 04:30 p.m. to 05:00 p.m. – with traffic 

Number of 
significant 
frequencies 

Test statistic 
Ŵ  

Critical 
value 

critF  

Frequency 
[Hz] 

Period 
[s] 

173 
 

1.576.10-3 7.766.10-4 0.94 1.06 

6.237.10-3 7.748.10-4 2.18 0.46 

4.052.10-3 7.750.10-4 2.88 0.35 

2.116.10-3 7.755.10-4 4.13 0.24 
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Fig.8. Displacements (left) and periodogram (right) at the PBZ02 from 00:00 a.m. to 00:30 a.m. – without traffic 

Table 4: Dominant frequencies at the PBZ02 from 0:00 a.m. to 0:30 a.m. – without traffic load 

Number of 
significant 
frequencies 

Test statistic 
Ŵ  

Critical 
value 

critF  

Frequency 
[Hz] 

Period 
[s] 

240 
 

5.292.10-3 7.748.10-4 0.96 1.04 

2.674.10-3 7.748.10-4 2.19 0.46 

2.876.10-3 7.751.10-4 2.92 0.34 

 
The data in Figures 5 and 6 are measured at point 

PBZ01. At both time intervals there are dominant 
frequencies at levels of around 1.48 Hz, 2.18 Hz and 
2.36 Hz. In the time series registered without any 
traffic loading, the next dominant frequency occurs at 
a level of 0.55 Hz. In both time series frequencies 
around the level of 2.80 Hz are presented, but these 
frequencies are at the threshold of the level of 
significance. The distribution of significant 
frequencies around the dominant frequencies is inside 
a range of up to 0.04 Hz. The data in Figures 7 and 8 
are measured at the central point (the midpoint of 
PBZ02) of the structure. In both time series three 
dominant frequencies are presented at levels of 
around 0.95 Hz, 2.18 Hz and 2.90 Hz, which belong 
to the spectrum of the forced frequencies of the 
structure. In the data set without any traffic loading, 
the next significant frequency at a level of 4.13 Hz is 
presented. Significant frequencies are distributed 
around the dominant frequencies inside a range of up 
to 0.1 Hz (Figures 7 and 8). This may be caused by 
the position of the sensor in the center of the bridge 
deck. The relative accuracy of the estimated spectral 
densities is up to 0.4 %. The estimated amplitudes of 
the dominant frequencies at both points are up to 1.10-

2 mm. The frequencies which occurred in the time 
series from 4:30 p.m. to 5:00 p.m. represent the 
permanent influence of the traffic load on the 
structure. The time series from the afternoon data sets 
are characterized by higher oscillations with maximal 
deflections of up to 1 mm (Figures 5 and 7). In the 

data sets from 0:00 a.m. to 0:30 a.m. the maximal 
oscillations are at a range of up to 0.2 mm (Figures 6 
and 8).  

5 Conclusion 

This paper presents the results of the monitoring 
of the dynamic deformations of a bridge structure (the 
Apollo Bridge). The geometry of the measured 
structure, deformation characteristics and operating 
restrictions affect the realization of the monitoring. 
The oscillation frequencies of the structures were 
determined by the FFT procedure. The dynamic 
deformation represented by the oscillation of the 
Apollo bridge deck, with a frequency from 0.5 Hz to 
4.2 Hz, is mostly induced by changes in the traffic 
load. Presented measurement system is a part of 
automated measurement system for long-term 
structural health monitoring of the Apollo bridge 
structure [2, 3, 5]. Results present important 
information about behaving of monitored structures in 
real time induced by operational load and atmospheric 
conditions. 
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