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1. 	 Introduction

There is a long tradition in the Czech and Slovak Republic to 
investigate the effect of moving load on the bridge structures [1], 
[2]. The theoretical approaches have been also supported with 
the experimental investigation [3], [4]. The dynamic experimental 
measurements of real bridge structures are an important source 
of data that can be used in different ways.  Detection of modal 
characteristics is one of the most important [5]. Knowledge 
of them is an essential assumption for various applications 
like model updating, dynamic load identification and health 
monitoring, or a damage detection problem. There seems to be 
important to make the right decision on which suitable excitation 
technique should be used with respect to the conditions that are 
unique for each bridge structure. From a practical point of view, 
diagnostic methods, like operational modal analysis (OMA), are 
preferred because no excitation devices are used and the traffic on 
the bridge is not limited [6]. Even though that these techniques 
are useful, it is not clear if they are useful for all conditions.

The main issue in this case is to apply various excitation 
sources and to analyze effect of them on the obtained modal 
frequencies of the bridge. The first source of excitation is the 
impact device, which loads the bridge with an impact impulse 
(impulse load) in the selected points. In this case, the intensity 
of impulse is also measured so the techniques of experimental 
modal analysis (EMA) are used to obtain the modal shapes and 
frequencies. The second source of excitation is a  heavy vehicle 
passing over the bridge. In that case, the measured dynamic 
properties of the system vary over time as the vehicle changes 
its position on the bridge. The advantage is that the weight and 
position of the vehicle during the measurements are well-known. 
The ambient vibrations, caused by a  train passing over the rail 

located under the bridge, is the third source of the excitation 
[7]. This kind of load can be defined as purely random ambient 
excitation.  The speed and weight of the train are not clearly 
known, as they were not investigated. 

The same methodology of transformation of the obtained 
measured signals into the frequency-domain is chosen for all the 
three cases (sampling frequencies, filtering, time window, etc.). In 
the cases when the bridge is excited by an impact device and by 
the passing train, the frequency response functions (FRF) were 
also calculated by applying the techniques of OMA and EMA.  
The article also presents the application of measured data to 
verify the numerical model of the bridge. 

The presented study is focused on the road bridge situated 
between the two villages, Varin and Mojs, near the city Zilina 
in the Slovak Republic (Figure 1a). The full length of three 
span bridge is 87 m. Each span acts independently as a  simple 
supported beam. The main girders 25 I-73 are prefabricated pre-
stressed concrete structures with the length 29 m. The girders are 
placed in the transversal position with the mutual distance 1.44-
1.45 m. The cross-section of the bridge contains eight girders. The 
shapes of the girders and the layers of pavement are showed in 
the Figure 1b.

2. 	The excitation of the bridge with impact load

The impulse load is used for experimental modal analysis 
(EMA) of the bridge. The EMA is a common technique that is 
used to obtain the frequency response function. Consequently, the 
modal frequencies and mode shapes of the structure are estimated 
[8]. The hammer impulse excitation device or electrodynamic 
shaker are often used as a source of excitation. The choice depends 
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standard STN 73  6209 for the dynamic diagnostic tests of the 
bridges with longer span than 40 m. The obstacle in the middle 
of the span was used to increase the excitation with the vehicle. 
The dynamic response of the bridge was measured with the 
piezoelectric accelerometers BK 8306 (BK1, BK2) located in 
the middle and quarter of the span. In this case, it is necessary 
to identify the moment when the vehicle arrives and leaves the 
bridge. For that purpose, the steel plates with accelerometers 
BK 4508B 002 (AC1, AC2) are located on the pavement at the 
beginning and at the end of the span. The situation on the bridge 
and the positions of the sensors are shown in Figure 5.

During the measurement, 21 passes of the vehicle at different 
speeds from 5 to 35 km/h were performed with a  gross weight 
of a  vehicle of 22.9 t (rear axle 17.45 t, front axle 5.45 t). In 
Figure 6 there are also results of the FFT that were obtained for 
the measured signal from accelerometers BK1 and BK2. The 
function is divided into three parts (t

1
 - before the beginning 

of the test, t
2
 - forced vibrations, t

3
 - free vibrations). From the 

measured data, the first two significant frequencies were obtained; 
the first measured frequency f

1
 = 3.91 Hz corresponding to the 

first bending mode shape and the second frequency f
2
 = 7.81 Hz 

corresponding to the first torsional mode shape.
The results show that the changes in the modal frequencies, 

while the vehicle is on the bridge, do not vary significantly for 
the investigated structure. From the free vibrations (t

3
) of the 

on the type of structure and what is required to be obtained. In the 
presented case, the bridge is excited with the impact device with 
mass that has weight 10 kg and it falls from 1.0 m height (Figure 
2a). The sensor that measures the dynamic force is positioned in 
the contact steel plate. It is a piezoelectric force transducer Kistler 
906. The response of the bridge is measured with six piezoelectric 
accelerometers BK 4508 B002. The analogue signals from the 
accelerometers and force transducers are amplified and digitalized 
with the device DEWETRON DEWE-3200.

The location of the accelerometers (ACC) on the bridge 
and the positions of the excitation points (F

1
, F

2
) are shown 

in Figure 2b. The points are situated in the middle and in the 
quarter of the span, transversally; they are situated on the edge 
of the pavement. There were seven force impulses generated with 
the impact device during one measurement. An example of the 
time series of the measured excitation (impulse at the point F

1
) 

and the bridge response (accelerometer in the point ACC
2
) are 

shown in Figure 3.
Six frequency response functions (FRF) are obtained. The 

last step is to average them and to obtain a Modal Identification 
Function (MIF). Figure 4 shows results of the modal analysis 
for impulse load located at point F

1 
(Figure 4a) and at point F

2
 

(Figure 4b).
The first bending mode shape on the frequency f

1
 = 3.906 Hz 

and the first torsional mode shape on the frequency f
2
 = 7.813 Hz 

were identified in the MIF for point F
1
. The second bending mode 

shape on the frequency f
3
 = 14.453 Hz and the second torsional 

mode shape on the frequency f
4
 = 19.953 Hz were identified 

in the MIF for point F
2
. The higher mode shapes were not 

possible to identify correctly, as there was not sufficient number 
of measurements points. One of the alternatives, for the same 
number of accelerometers, seems to be an approach when the 
measurement is repeated for various locations of measurements 
points. This has not been applied here.

3.	 The excitation of the bridge with the moving lorry

The moving lorry T-815 was the second source of excitation.  
This type of excitation is recommended in the Slovak technical 

	  	  
	 a	 b

Figure 1 Measured and analyzed concrete bridge, a - photography of actual state, b - the draw of the cross-section

	 	  
	 a	 b

Figure 2 Modal analysis of the bridge excited by the impact load, a - impact device and its application,  
b - location of the measurement and loading points

Figure 3 Example of the measured input (impulse F
1
)  

and output signals (ACC
2
) 
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whole situation during the experimental measurement is shown 
in Figure 7.

The example of the measured input (ACC1) and output 
signals (ACC2, ACC3) are shown in Figure 7c. In the FRF 
functions, the three modal frequencies are identified (Figure 8). 
Modal frequencies f

1
 = 3.906 Hz and f

3
 = 14.650 Hz are also 

identified in previous measurements. The peak at the frequency 
f

2
 = 9.280 Hz, which is identified in both FRF signals is very 

interesting as it was not possible to identify it in the previous 
cases. The following comparison to the numerical model shows 
that it is also a natural frequency.

5. 	Calibration of the numerical model of the bridge 
based on the FEM

The last part in the article is focused on application of the 
obtained data from the experimental analysis for calibration of 
the numerical model of the concrete bridge. A model of the whole 

structure, it was not possible to recognize the higher mode shapes 
(frequencies). The reason is the effect of structural damping on 
the higher mode shapes.

4.	 The excitation of the bridge with the train moving  
on the railway near the bridge (ambient vibrations)

The last source of the excitation were the ambient vibrations, 
generated by the moving train. It was a common passenger train 
moving at the speed of 80-90 km/h on the rail road, which is 
crossed under the bridge. The natural bridge frequencies were 
recognized from the FRF functions that were derived from the 
response signals and the input signals. The input signal at the 
ground near to the pillar was measured with the accelerometer 
BK 8306 (ACC1). The response of the bridge was measured by 
the two accelerometers BK 8306 positioned in the middle of the 
span (ACC3) and in the one fourth of the span (ACC2). The 

	  	
	 a	 b

Figure 4 MIF functions and modal shapes of the bridge, a - analysis from impact F
1
, b - analysis from impact F

2

	  	
	 a	 b

Figure 5 Situation on the bridge by the dynamic measurement, a - situation on the bridge and lorry, b - positions of the sensors

	 	  
	 a	 b

Figure 6 The measured signals and spectrums from accelerometers BK1 (a), BK2 (b) 
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placed on bearings, the boundary conditions were defined. The 
zero translation for the vertical directions and for horizontal 
direction were defined where there are bearings with restrictions.  
The geometry of the model with different color for each structural 
part is shown in Figure 9. The continuous connection of the 
mesh was created between the elements with different material 
parameters.

The natural frequencies and mode shapes are computed by 
application of the Lanczos algorithm. Five natural frequencies 
and mode shapes were calculated. Figure 10 shows two bending 
shapes corresponding to the frequencies f

1
 = 3.899 Hz and f

4
 = 

14.510 Hz, two torsional shapes corresponding to frequencies 
f

2
 = 7.856 Hz and f

5
 = 20.210 Hz and bending-torsional shape 

corresponding to the frequency f
3
 = 9.281 Hz.

Summary of the calculated natural frequencies and the 
frequencies obtained from the experimental analysis are 

bridge was not created, but only a model of the middle span. 
That is enough since the measurements show that each span acts 
as a single supported beam. The 3D model (3D solid elements) 
in the commercial software ADINA 9.1 was created, which uses 
the finite element method for the mathematical definition of the 
mechanical structures. The numerical model was divided into 
fourth parts; each part has different linear isotropic material 
characteristics with respect of the material defined in the plans 
and technical reports of the bridge values and they are defined 
in Table 1. 

There was only a problem to choose the right characteristics 
of the concrete fills used between the girders. Their material 
properties have a significant effect on the global torsional stiffness 
of the structure and they influence all the calculated modal 
shapes. Their characteristics were possible to be updated only 
after the experimental analysis. For surfaces, where girders are 

	 	
	 a	 b

	  	

c
Figure 7 Ambient vibration of the bridge generated by the mobbing train, a - passing train, b - positions of the sensors, c - example of the signals

	 	
	 a	 b

Figure 8 FRF functions of the structure between sensors ACC3-ACC1 (a), ACC2-ACC1 (b)

Table 1 The material characteristics of the structure parts of the bridge

Construction part Young modulus [GPa] Poisson’s ratio [-] Density [kg/m3]

Main girders I 42 0.15 2600

Concrete bridge deck 28 0.25 2400

Concrete cornice 31 0.3 2300

Concrete fills 2 0.3 2300
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obtained from the measurements. The second and fourth natural 
frequencies of the numerical model, after Young modulus of 
concrete fills was updated, were comparable to the measured 
frequencies.

The sources of excitation with impulse force and with 
moving vehicle primarily excited the first torsional mode shape at 
frequency f

2
 = 7.856 Hz. This frequency is very close to the third 

one f
3
 = 9.281 Hz, so the dominant second frequency covers the 

shown in the Table 2. The results show that all the calculated 
modal frequencies of the structure are also recognized by the 
experimental measurements. The frequency of 9.280 Hz is 
interesting. This frequency was obtained in the model only when 
the Young modulus of the concrete fills between the girders was 
changed to the value 2 GPa (Table 1). After the torsional stiffness 
of the cross-section is reduced, the calculated natural frequencies 
were reduced to the values comparable to the natural frequencies 

Figure 9 The 3D FEM model of the bridge in the software ADINA

	 	
	 f1 = 3.899 Hz	 f

2
 = 7.856 Hz

	 	
	 f

3
 = 9.281 Hz	 f

4
 = 14.510 Hz

f
5
 = 20.210 Hz 

Figure 10 Modal shapes of the 3D model of the bridge

Table 2 Summary of the natural frequencies

Modal shapes [-]

Identified modal frequencies fi
 [Hz]

FEM model
Experimental measurements 

Impulse force Moving vehicle Ambient vibration

1. Bending mode 3.899 3.906 3.910 3.906

2. Torsional mode 7.856 7.813 7.810 Indeterminate

3. Torsional-bending mode 9.281 Indeterminate Indeterminate 9.280

4. Bending mode 14.510 13.687 Indeterminate 14.650

5. Torsional mode 20.210 19.531 Indeterminate Indeterminate
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be identified only when the bridge is excited by the ambient 
vibrations. On the other hand, the first torsional mode shape 
is excited only by the vertical load, like the impact force or the 
moving vehicle. In that case, the results of numerical model 
were crucial to identify the natural frequencies correctly. The 
combination of measurements of the response to several types 
of excitations with the results of numerical model seems to be 
a  suitable alternative for proper identification of all the modal 
characteristics. 
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third natural frequency. It was possible to be identified only when 
the structure was excited by the ambient vibrations. As a result, 
the third natural frequency was not possible to be identified if the 
bridge was excited by the vertical loading. On the other hand, 
the first torsional mode shape was not possible to be identified 
correctly from the response of the bridge to the excitation by the 
train.

6. 	Conclusions

The dynamic properties of the concrete bridge were measured 
and investigated by applying the various types of the excitations. 
The presented results show that different sources of excitations 
can lead to identification of different natural frequencies of the 
structure. For instance, the third torsional-bending mode shape 
of the investigated bridge can be excited and its frequency can 
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