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Abstract  

The negative effects of dynamic effects on bridges are known. Therefore, it is very important for bridges to 

obtain accurate and reliable dynamic parameters. Researchers have developed various methods for estimating 

dynamic parameters. Operational modal analysis has been developed in recent years and is used in many 

regions. Analytical modal analysis is a method that is still used especially in design stages. In this study, a 

scale model concrete bridge is used to represent randomly constructed simple concrete bridges, especially in 

rural areas. The aim of this study is to examine the analytical and operational modal analysis methods in the 

scale model concrete bridge and to examine the results. At the end of the study, dynamic parameters were 

obtained both analytically and experimentally. Then the obtained dynamic parameters were compared for first 

five modes. In addition, damping ratios of the scaled concrete bridge were obtained experimentally by 

operational modal analysis. The differences between analytical modal analysis and operational modal analysis 

frequency were found to be between 2.79% and 2.95%. In both methods, it is seen that the first five mode 

shapes are approximately the same. It is proposed to determine the dynamic parameters of simple concrete 

bridges built randomly in rural areas by operational modal analysis. 
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Introduction  

Earthquakes have been occurring in various parts of the world from past to present. Along with the earthquake, 

destructive effects of the earthquake are frequently encountered in these regions. Various losses of property 

and lives occur. Researchers working in the field of civil engineering are looking for solutions to earthquake 

effects. Researchers have divided the world and countries into various earthquake zones. They focused on the 

different effects of earthquakes on the structure in this allocated area. According to the determined earthquake 

effects, the researchers determined new designs and took measures against earthquakes. However, with the El 

Centro earthquake in Mexico, the concept of resonance emerged. Technically in resonance engineering; It is 

explained as amplitude going to infinity. Structures undergoing resonance make vibrations of infinite 

amplitude. These vibrations continue until the structure collapses. With this new terminology, earthquake 

engineering design rules have also changed. If the resonance situation is expressed in a more understandable 

language; It is the coincidence of the vibration frequency of the ground with the natural frequency of the 

building in the first mode. In this case, it is possible to say that the structures will receive great damage with 

past studies and earthquakes. The resonance effect is seen not only in buildings but also in all sub and 

superstructures. Transport structures are also an example. In addition, it is known that resonance can occur 

physically not only by earthquakes but also by environmental effects. Especially in bridges that are among 

transportation structures, these environmental effects are more common. Live loads are quite high due to 

traffic etc. on the bridges. For this reason, bridges should be examined with close lenses against resonance 

effect. 

Experimental measurement methods are frequently used to determine the dynamic characteristics of 

engineering structures. These methods can be grouped into three groups as forced vibration tests, free vibration 

tests and environmental vibration tests. Structure in forced vibration tests; it is stimulated with the help of a 

vibrator. The most important disadvantage of this method is that the essential activities in the structure will be 

interrupted during the measurement. Environmental vibration tests are used for effects such as wind, traffic, 

human movement and waves. During the measurement, daily activities in the structure can continue in this 

way. Natural frequencies and the corresponding mode shapes and damping ratios are the dynamic 

characteristics of the structures. These characteristics can be determined by operational modal analysis 

methods. In the literature researches, many studies using the operational modal analysis methods have been 
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reached. [1], Conducted experimental tests on the old continuous truss steel bridge. As a result of the 

operational modal analysis, they obtained mode shapes, frequencies of natural and forced vibrations, damping 

ratios, maximum amplitudes of accelerations, dynamic displacements. [2], has done the work modal testing 

of an isolated overpass bridge in its construction stages. [3], Conducted dynamic impact of heavy long vehicles 

with equally spaced axles on short-span highway bridges. [4], Conducted comparison of hybrid methods with 

different meta model used in bridge model-updating. [5-10], worked on operational modal analysis of bridges. 

The ways followed in these studies were followed. [11], modeled the long span bridge model under laboratory 

conditions to determine the seismic response involving the spatial variation of seismic waves in his doctoral 

thesis. [12], presents the operational and analytical modal analysis of a steel-girder arch bridge. [13], worked 

on analytical modal analysis of the bridge sample. System identification of bridges with ambient vibrations 

has also been benefited from [14-17]. 

Ambient vibration testing (also called Operational Modal Analysis) is the most economical non-destructive 

testing method to acquire vibration data from large civil engineering structures for Output-Only Model 

Identification. General characteristics of structural response (appropriate frequency, displacement, velocity, 

acceleration rungs), suggested measuring quantity (such as velocity or acceleration) depends on the type of 

vibrations (Traffic, Acoustic, Machinery inside, Earthquakes, Wind…) are given in Vibration of Buildings 

(1990) [18-22]. The use of ambient vibrations and experimental methods of obtaining dynamic parameters is 

recommended in the recommendation’s sections of many studies [23-29]. There are also studies showing the 

beneficial use of finite element method to determine modal parameters [30-32]. 

In this study, a concrete bridge example is chosen. The bridge model in the selected example is frequently 

used in rural areas. In addition, the fact that it is practical is another reason for this frequent occurrence. 

however, the designs of these types of bridges are arbitrary. For this reason, both analytical modal analysis 

and operational modal analysis studies were carried out in the laboratory with a sample that will represent this 

type of concrete bridge. The main purpose of this study is to compare the operational and analytical modal 

analysis results on the sample concrete bridge representation and to examine the differences that occur. 

 

METHOD 

Finite element method was used for analytical modal analysis. In the creation of the finite element model, 

SAP2000 package program was used. Matlab and Artemis modal pro programs were used for the operational 

modal analysis method. Enhanced frequency domain decomposition (EFDD) technique was used to extract 

modal parameters. 

The (FDD) ambient modal identification is an extension of the Basic Frequency Domain (BFD) technique or 

called the Peak-Picking technique. This method uses the fact that modes can be estimated from the spectral 

densities calculated, in the case of a white noise input, and a lightly damped structure. It is a non-parametric 

technique that determines the modal parameters directly from signal processing. The FDD technique estimates 

the modes using a Singular Value Decomposition (SVD) of each of the measurement data sets. This 

decomposition corresponds to a Single Degree of Freedom (SDOF) identification of the measured system for 

each singular value [33] 

The Enhanced Frequency Domain Decomposition technique is an extension to Frequency Domain 

Decomposition (FDD) technique. This t technique is a simple technique that is extremely basic to use. In this 

technique, modes are easily picked locating the peaks in Singular Value Decomposition (SVD) plots 

calculated from the spectral density spectra of the responses. FDD technique is based on using a single 

frequency line from the Fast Fourier Transform analysis (FFT), the accuracy of the estimated natural frequency 

based on the FFT resolution and no modal damping is calculated. On the other hand, EFDD technique gives 

an advanced estimation of both the natural frequencies, the mode shapes and includes the damping ratios [34]. 

In EFDD technique, the single degree of freedom (SDOF) Power Spectral Density (PSD) function, identified 

about a peak of resonance, is taken back to the time domain using the Inverse Discrete Fourier Transform 

(IDFT). The natural frequency is acquired by defining the number of zero crossing as a function of time, and 

the damping by the logarithmic decrement of the correspondent single degree of freedom (SDOF) normalized 

auto correlation function [35]. 
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In this study modal parameter identification was implemented by the Enhanced Frequency Domain 

Decomposition. The relationship between the input and responses in the EFDD technique can be written as, 

in this method, unknown input is represented with x(t) and measured output is represented with y(t) 

[Gyy(jω)]=[H(jω)]*[Gxx(jω)][H(jω)]T                                                                                       (1) 

Where Gxx(jω) is the r x r Power Spectral Density (PSD) matrix of the input. Gyy(jω) is the m x m  Power 

Spectral Density (PSD) matrix of the output, H(jω) is the m x r Frequency Response Function (FRF) matrix, 

and * and superscript T denote complex conjugate and transpose, respectively. The FRF can be reduced to a 

pole/residue form as follows: 

[H(ω)]=
[Y(ω)]

[X(ω)]
= ∑

[Rk]

jω-λk

+
[Rk]*

jω-λk
*

m
k=1                                                                                                  (2) 

Where n is the number of modes λk is the pole and, Rk is the residue. Then Eq. (1) becomes as: 

Gyy(jω)= ∑ ∑ [
[Rk]

jω-λk
+

[Rk]∗

jω-λk
∗ ]n

s=1
n
k=1   

Gxx(jω) [
[Rs]

jω-λs
+

[Rs]∗

jω-λs
∗]

H̅

                                                                                                                (3) 

Where s the singular values, superscript is H denotes complex conjugate and transpose. Multiplying the two 

partial fraction factors and making use of the Heaviside partial fraction theorem, after some mathematical 

manipulations, the output PSD can be reduced to a pole/residue form as fallows; 

[Gyy(jω)]= ∑
[Ak]

jω-λk

+
[Ak]*

jω-λk
* +n

k=1

[Bk]

-jω-λk

+
[Bk]*

-jω-λk
*                                                                                  (4) 

Where Ak is the k th residue matrix of the output PSD. In the EFDD identification, the first step is to estimate 

the PSD matrix. The estimation of the output PSD known at discrete frequencies is then decomposed by taking 

the SVD (singular value decomposition) of the matrix; 

Gyy(jωi)=UiSiUi

H̅
                                                                                                                        (5) 

Where the matrix Ui=[ui1,ui2, … ,uim] is a unitary matrix holding the singular vectors uij and sij is a diagonal 

matrix holding the scalar singular values. The first singular vector uij is an estimation of the mode shape. PSD 

function is identified around the peak by comparing the mode shape estimation uij with the singular vectors 

for the frequency lines around the peak. From the piece of the SDOF density function obtained around the 

peak of the PSD, the natural frequency and the damping can be obtained. 

 

MATERIAL 

If possible, the background and purpose of the study should be stated first, followed by details of the methods, 

materials, procedures, and equipment used. Findings, discussion and conclusions should follow in that order. 

Appendices may be employed where appropriate. The APA Publication Manual should be consulted for 

The bridge model is an example of a concrete bridge consisting of two pillars and a deck. Bridge pillars are 

identical. Bridge pillars are 75 cm height, 60 cm wide and 7.5 cm thick. The span between the two pillars is 1 

m. The bridge deck is 150 cm long, 75 cm wide and 7.5 cm thick. Bridge pillars are placed in the center of the 

deck. There are 25 cm increments in the X direction and 7.5 cm increments in the Y direction on the deck. 

The bridge model is made of C25 concrete with a single formwork. Connections are fully rigid. The scaled 

concrete bridge not is fixed to the ground. Figure 1 is given in order to better understand the dimensions of 

the scaled concrete bridge. 

 

 
Figure 1: Dimensions of scaled concrete bridge 
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RESULT AND DISCUSSION  

Analytical modal analysis of Scaled Concrete Bridge 

A finite element model was generated in SAP2000 package program. Pillars and deck were modeled as 3D 

elements. Pillars and deck were modeled as 3D beam-column elements which have degrees of freedom. All 

supports are modeled as fully fixed. The members of concrete frame are modeled as rigidly connected together 

at the intersection points. In modeling of beams and columns the modulus of elasticity E=30000 MPa, Poisson 

ratio μ=0.2, mass per unit volume ρ=23.54 kN/m3. The 3D generated finite element model of the scaled 

concrete bridge is given in figure 2. 

 

 
 

Figure 2: Finite element model of the scaled concrete bridge 

 

İt is know that frequency and vibration modes are concerned a significant impact on the dynamic performance 

of buildings. A total of five frequency of the structure are attained which range between 2.15 and 13.54 

Analytical modal analysis results at the finite element model are shown in Table 1. 

 

Table 1. Analytical modal analysis results  

 

Mode number  1  2  3  4  5  

Frequency (Hz) 2.15 5.83 8.16 11.27 13.54 

 

The first five vibration mode of the structure is shown in Figure 3-7. 

 

 
Figure 3: 1st Mode Shape (Frequency=2.15 Hz) 

 
Figure 4: 2nd Mode Shape (Frequency=5.83 Hz) 
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Figure 5: 3rd Mode Shape (Frequency=8.16 Hz) 

 

 
Figure 6: 4th Mode Shape (Frequency=11.27 Hz) 

 
Figure 7: 5th Mode Shape (Frequency=13.54 Hz) 

 

Operational modal analysis of Scaled Concrete Bridge 

Measurements were carried out in a closed environment in the civil engineering laboratory of Ondokuz Mayis 

University. Ambient excitation was provided by the recorded micro tremor data on ground level. Seismometer 

was used for the ambient vibration measurements. Seismometer is given in figure 8. 

 

 
 

Figure 8: Seismometer 

Measurements were made in two setups. The purpose of making two setups is to obtain more reliable results. 

Three three-axis accelerometers are used in Setup 1. The accelerometer placement arrangement in Setup 1 is 

given in figure 9. 
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Figure 9: The accelerometer placement arrangement in Setup 1 

 

Two three-axis accelerometers are used in Setup 2. The accelerometer placement arrangement in Setup 2 is 

given in figure 10. 

 

 
Figure 10: The accelerometer placement arrangement in Setup 2 

 

Before the measurements could begin, the cable used to connect the sensors to the data acquisition, equipment 

had to be laid out. Following each measurement, the roving sensors were systematically located from floor to 

floor until the test was completed. The equipment used for the measurement includes three sensebox 

accelerometers (triaxial measures) and geosig seismometer, matlab data acquisition toolbox (wincon). For 

modal parameter estimation from the ambient vibration data, the operational modal analysis (OMA) software 

ARTeMIS Modal Pro is used. Singular values of spectral density matrices, attained from vibration data using 

PP (Peak Picking) technique are given in Figure.11. 

 

 
 

Figure 11: Singular values of spectral density matrices 
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Frequency and damping ratios acquired from the all-measurement setups are given in Table 2. 

 

Table 2. Operational modal analysis results 
Mode number  1  2  3  4  5  

Frequency (Hz) 2.09 5.68 7.98 10.95 13.54 

Modal damping ratio (ξ) 1.18 0.98 1.05 0.87 

     

0.92 

 

As a result of the analysis with the Artemis software, it is seen that the first five mode shapes are approximately 

the same with analytical modal analysis. It is predicted that the dimensions of the concrete bridge model cause 

this situation. The first five mode shapes extracted from operational modal analyses are given in Figure 12-

16. 

 

 
Figure: 12. 1st Mode Shape (Frequency=2.09 Hz, Damping ratio=1.18) 

 
Figure: 13. 2nd Mode Shape (Frequency=5.68 Hz, Damping ratio=0.98) 

 
Figure: 14. 3rd Mode Shape (Frequency=7.98 Hz, Damping ratio=1.05) 

 

 
Figure: 15. 4th Mode Shape (Frequency=10.95 Hz, Damping ratio=0.87) 
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Figure: 16. 5th Mode Shape (Frequency=13.14 Hz, Damping ratio=0.92) 

 

COMPARISON OF RESULTS 

Table 3 is made in order to compare the results of analytical modal analysis and operational modal analysis. 

 

Table 3. Comparison of analytical and operational modal analysis results 

 
Mode number  1  2  3  4  5  

Analytical Frequency (Hz) 2.15 5.83 8.16 11.27 13.54 

Operational Frequency (Hz) 2.09 5.68 7.98 10.95 13.14 

Difference (Hz) 0.06 0.15 0.18 0.32 0.40 

Difference (%) 2.79 2.57 2.21 2.84 2.95 

 

CONCLUSIONS 

In this paper, analytical and operational modal analysis of scaled concrete bridge was presented. The 

frequencies and mode shapes of the first five modes of the scaled concrete bridge were obtained analytically 

and experimentally. In addition, damping ratios of the scaled concrete bridge were obtained experimentally 

by operational modal analysis.  

When comparing the analytical and experimental results for mod shapes, it is clearly seen that there is very 

best agreement between mode shapes. It is seen that the first five mode shapes are approximately the same. 

Analytical modal analysis and operational modal analysis frequency differences are between %2.79 - %2.95. 

Analytical modal analysis and operational modal analysis frequency difference for 1st mode is 0.06s and 

%2.79. It is understood that there are theorical assumptions in the analytical modal analysis method in the 

formation of this difference.  

It has been clearly demonstrated that the damping ratios vary in each free vibration mode but in analytical 

modal analysis, it is known that the damping ratio is accepted as constant and this value is 2 percent for 

concrete. As a result of the operational modal analysis, the damping ratio in the 1st free vibration mode was 

obtained as 1.18 percent. Operational modal analysis was found to be more reliable in obtaining damping 

ratios. It is known that the obtained parameters are more reliable than theoretical methods in terms of 

representing the real values. Therefore, the obtained modal parameters better represent the scaled concrete 

bridge.  

The dynamic parameters of concrete bridges built randomly in rural areas can be determined easily by 

operational modal analysis. 
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