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Abstract 

The likelihood of integrating Operational Modal Analysis in the field of Seismic Engineering is taken into 

account considering all the advantages that can be offered from this modern procedure. The possibility of 

using ambient vibration tests (AVT) and its intrinsic post-analysis techniques in order to predict future 

damage in real structures due to seismic action is evaluated. The main idea is to find out if Operational 

Modal Analysis will be truly reliable and useful to perform seismic vulnerability assessment in structural 

systems. If true, extra accuracy to the results will be provided, changes in modal characteristics of real 

structures will be easily identified and to guarantee if a structure suffered (or not) reasonable damage will 

be possible and immediate. The accuracy of this method is demonstrated on a reduced model where the 

use of ARTeMIS Extractor allows estimating the desired modal parameters relying on a technique 

designated by Frequency Domain Decomposition (FDD).  

On the other side, special attention is given to the evaluation of a structural system’s performance using 

analytical methods where the concept of fragility curves is used. The American guidelines provided by 

FEMA are strictly followed within a nonlinear static analysis where the probability of damage is estimated 

for earthquake scenarios. The importance of modal parameters is evaluated for damage assessment 

purposes. 
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1. Introduction 

In recent years, as earthquakes still come out as unpredictable events, there has been a considerable 

demand for more accurate and expedite techniques to detect and identify damage in structures right after 

a major earthquake.  Latest events in modern cities have shown the large life and economic losses that 

can occur from faulty design or lack of awareness and monitoring. These losses can be greatly reduced if 

frequent damage assessment is performed. Damage is easily identified by changes in stiffness 

distribution in the structural system and it may be detected by measuring its dynamic response. The 

present work approaches and evaluates the possibility to bring out a distinct method of evaluating 

damage in structures where the estimation of modal parameters can be reasonably improved and as a 

result its vulnerability to future actions. As it is generally known among engineers, the values of the forces 
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involved and the nonlinearity of the structural system’s response to seismic actions creates the inability to 

use advanced experimental methods that could successfully evaluate its behaviour during the 

earthquake. Therefore, using operational modal analysis comparisons between modal parameters in two 

distinct moments in time can reveal significant information and conclusions concerning the structure’s 

health can be accurately conjectured. 

To be sure of the importance that modal parameters have on the evaluation of damage in civil 

engineering structures, an analytical model is tested following a nonlinear static analysis based on the 

guidelines proposed by FEMA, more specifically the “HAZUS MH MR1 – Technical Manual”. This method 

allows performing damage assessment of structures within a probabilistic approach where certain 

assumptions were made. In this procedure, the concepts of capacity and fragility curves were studied and 

used. The next figure illustrates the methodology adopted for this study: 

 

 

Figure 1 – Methodology Scheme 
 

2. Operational Modal Analysis 

On the current status of vibration-based methods for structural damage assessment or structural health 

monitoring, the common idea resides on the determination of a structural change due to damage results 

in a pronounced change of the dynamic behaviour. This change can be easily identified by verification of 

changes on the modal parameters of the building. Modal testing is the process of experimentally 

determining all the modal parameters of a structure, machine or vehicle. The modal parameters constitute 

the dynamic properties of the system and provide a complete dynamic description.   

Operational Modal Analysis emerges here as a valuable and powerful tool to help engineers on the 

estimation of correct and quite exact values for the modal characteristics of all kinds of structural systems. 

The particular interest of this recent method resides in the fact that is purely based on measuring only the 

output of a structure and using ambient and operating forces as unmeasured input. As a contrast with 

traditional modal analysis, where the input has to be known and provided artificially, with operational 

modal analysis the user does not has to worry about the excitation. Naturally, the noise in the data is 

significantly reduced. The ambient vibration input is provided by environmental loads such as wind 

(buildings), waves (offshore structures) or traffic (bridges). These facts bring several advantages for 
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testing of civil engineering structures once they are difficult to artificially excite due to their physical size, 

shape or location. 

When performing Operational Modal Analysis, several algorithms can be used, where the vibration 

response/force ratio is studied using Fast Fourier Transform techniques. In this work, the author chose to 

use the Frequency Domain Decomposition algorithm. This method allows the user to check for modal 

frequencies, form qualitative descriptions of mode shapes and verify and improve analytical models.  

 

2.1. The Frequency Domain Decomposition (FDD) Technique 

The Frequency Domain Decomposition (FDD) is known as one of the most user-friendly, simple and 

powerful technique for Operational Modal Analysis of structures. In this thesis, the classical 

implementation of this technique using ARTeMIS Extractor [SVIBS, 2007] is presented. When taking 

advantage of this software, the user can extract modal parameters from any kind of structure as well as 

discriminate between peaks of modes and harmonics originated from forced sinusoidal excitation. The 

results obtained with this technique are briefly presented on the following pages. 

 

2.1.1. The FDD algorithm 

The principle in the FDD technique can be easily understood by realizing that any response can be 

written in modal coordinates, ( )nq t . It is necessary to integrate twice the acceleration output, ( )y t  in 

order to achieve the correspondent displacement response in time domain, ( )y t . 

1 1 2 2( ) ( ) ( ) ... ( ) . ( )  n ny t q t q t q t q tϕ ϕ ϕ= + + + =Φ    (1) 

Where nϕ  represents the modal configuration of the nth mode and Φ the modal matrix. 

Now obtaining the covariance matrix of the responses, ( )yyC τ , where [ ]E x  represents the expected 

value of the responses, 

( ) ( ) ( )T
yy j iC E y t y tτ τ⎡ ⎤= +⎣ ⎦      (2) 

And subsequently replacing the ( )y t  with the first equation leads to, 

{ }
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The covariance of the measurements is related to the covariance of the modal coordinates through the 

mode shape matrix. The H  refers to the Hermitian transposed operator. In frequency domain, the 

correspondent equation is obtained by taking the Fast Fourier Transform: 

( ) . ( ). H
yy qqS Sω ω=Φ Φ       (4) 

Thus, if the modal coordinates are uncorrelated, the spectral density matrix of the modal coordinates is 

diagonal, and thus, if the mode shapes are orthogonal, then the equation (4) is a singular value 

decomposition of the response spectral matrix. Therefore, FDD is based on taking the SVD of the 

spectral density matrix. 

( ) ( ).[ ]. ( ) H
yy iS U s Uω ω ω=        (5) 

Note that the matrix 1 2[ , ,...]U u u=  is the singular vectors matrix and [ ]is  is the diagonal matrix 

containing the singular values [Brincker et al]. 

 

2.2. Reduced Model in Laboratory – Illustration of OMA 

With the objective of illustrating the idea and process of how to perform Operational Modal Analysis, a 

reduced model was built on purpose for this work. This model has three storeys high and is constituted by 

regular wood planes representing each floor and four steel bars to simulate the main columns of this 

simple “building”. 

 

Figure 2 – Discretization of the reduced model and horizontal test setups configuration 
 
The response of the model to the ambient vibration test was estimated using 6-channel data acquisition 

(6 accelerometers - Miniature DeltaTron TEDS) situated on specific locations. The tests were performed 

in two different setups and the top floor was used to place the reference transducers. 
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2.3. Results 

The results in this section are obtained using the FDD utility component of the ARTeMIS Extractor v4.0 

[SVIBS, 2007]. This software implements automatically the algorithm approach described previously in 

2.1.1. 

In the figure below the results of the FDD method are shown. It is possible to see the estimation of nine 

modes. Each square is situated on the peak value of the curves and represents a singular value of the 

spectral density matrices in the frequency domain. Note that the total processing time usually takes no 

longer than some minutes. 

 

Figure 3 – Singular values of spectral density matrices plot 

 

The next table represents the analytical values measured with the software. For this case, within the nine 

modes, the frequency values vary from 10 to 74 Hz. The frequency values shown are referred to the 

reduced model. 

 
 

Mode Shape Frequency [Hz] 
1st Mode 10,84 
2nd Mode 11,13 
3rd Mode 16,11 
4th Mode 32,52 
5th Mode 32,81 
6th Mode 48,05 
7th Mode 49,51 
8th Mode 49,80 
9th Mode 73,83 

 
Table 1 – Frequency values for each mode shape 
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Below the corresponding mode shapes of all the modes are displayed: 

     

Figure 4 – 1st order mode shapes 
 

     

Figure 5 - 2nd order mode shapes 
 

     

Figure 6 - 3rd order mode shapes 
 
 

3. Earthquake Engineering and Damage Assessment of Structures 

Inside the field of earthquake engineering, vibrations in structures achieve an extreme importance due to 

the damage that these can bring to structural systems. As this happens, vibration-based structural 

assessment, monitoring and control of Civil Engineering structures has been a field of increasing 

importance and popularity within engineers, designers, researchers and construction companies. 

Presently, damage assessment of structures is performed by means of integrated field inspections and 

post-earthquake analyses of structural damage that result from earthquake shaking. These methods have 
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been one of the most effective ways of gaining knowledge on seismic responses and improving the state 

of the art in seismic-resistant design and construction.  

The damage assessment in this paper is now proposed using a damage probability function (with the use 

of fragility curves) prepared to evaluate what level of damage will happen to buildings during earthquakes 

of various intensities. The predicted values that outcome from this physical damage estimation method 

are then transformed in terms of the probability of a structure being in any of the five damage states 

proposed. 

With this prevision, future recommendations can be done, rehabilitation of buildings can be performed 

and, if necessary, evacuation of the most critical buildings can be made on time. 

 

3.1. Analytical Model – Illustration of HAZUS Procedures 

The procedure was implemented in an analytical model of one storey, as it can be seen in the figure 

below. It is a double-symmetrical structure with 8 meters length on the side and 6 meters of height. The 

foundations are assumed to restrain all movements and rotations.

 

 

 

According to HAZUS procedures the building model is 

classified as a C1L type structure and it is assumed a 

Pre-Code level of design, i.e. it was not made any 

seismic consideration regarding the conception of the 

present frame structure. 

 
   

Figure 7 – Analytical model 
 

The procedure adopted to estimate damage in the present structure can be briefly summarized on the 

following steps: 

1. Determination of the capacity curve. Calculation of the critical points (yielding and ultimate capacities); 

 

Figure 8 – Capacity curve 
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2. Estimation of the fragility curves for each damage state; 

3. Estimation of the response spectrum for the region of Lisbon (according to EC8) and its reduction to 

the solicitation spectrum having into account the effective damping (which is characterized by the sum of 

the elastic damping and the hysteretic damping); 

4. Evaluation of the structural performance by defining the peak responses (peak displacement and 

acceleration); 

5. Intersection of the value of peak displacement with the fragility curves and assessment of the damage 

probabilities for each damage state. 

 

3.1.1. Results of the method assuming the HAZUS parameters 

The calculations proposed by the method result on the intersection of the capacity curve with the 

solicitation spectrum, which is presented in figure 8. 
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Figure 9 – Capacity curve and solicitation spectrum intersection – Peak Response 
 

The value of the fundamental period adopted on this first case is 0,4 s (value adopted from the tables 

provided by HAZUS) and the correspondent peak spectral displacement is 0,024 m. With this value it is 

possible to cross information on the plot of the fragility curves and reach the desired probabilities for 

each damage state. The next figure shows the respective intersection from where the probability values 

can be estimated. 
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Probability of Damage: 

None – 39% 

Slight – 19% 

Moderate – 31% 

Extensive – 9% 

Complete – 2% 

 
 
 
 

 
 

Figure 10 – Fragility curves and spectral peak response intersection 
 

 

3.1.2. Results of the method assuming different modal parameters  

Adopting a higher period (T=0,80 s) and a higher effective modal mass (5% higher) will allow verifying if 

the method is sensible enough to changes in modal parameters. Although the model is not the best 

example due to its simplicity (there is no need to calculate an equivalent SDOF system because it has 

only one storey), it is still possible to verify a slight change in the value of the peak spectral displacement 

and also in the configuration of the fragility curves. This value achieves 0,028 m and the intersection of 

the plots is now possible in the yielding domain of the capacity curve. 
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Figure 11 - Capacity curve and solicitation spectrum intersection – Peak Response 

 

Following exactly the same procedure as before, the probabilities of damage are achieved by crossing 

the information calculated on forehand. 
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Probability of Damage: 

None – 46% 

Slight – 16% 

Moderate – 30% 

Extensive – 7% 

Complete – 1% 

 

 
 

 
Figure 12 – Fragility curves and spectral peak response intersection 

 
 
4. Conclusions 

Experimental and analytical dynamic investigations as well as modal identification of simple models were 

described in this paper. The following conclusions can be drawn from the results: 

- The single storey model revealed that changes in modal mass and in period of the structure 

really make a difference when it comes to the probabilistic results of damage. As expected, with 

a higher period the probabilities of damage suffered a general decrease. 

- Although some comparisons can be made, the model revealed itself not very useful for this 

purpose. The simplicity of it resulted in slightly indistinct results. 

- The measurement of structural response to ambient levels of vibration using operational modal 

analysis revealed a very effective method and a really expedite way to achieve modal 

parameters. 

 

How could we improve the damage assessment estimation? 

The good thing is that now it is certain that one could use OMA to estimate in a better way the modal 

parameters. Instead of using analytically estimated periods and modal masses, one could use the exact 

values obtained with OMA and apply them to the analytical method, where the estimation of the capacity 

and fragility curves is performed in order to obtain more accurate results when assessing the probability 

of damage.  

Another advantage of using this method relies on the fact that it is extremely fast to achieve prior results. 

In earthquake scenarios, especially for facility (important) buildings, the fast knowledge about the 
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building’s health situation is important to decide whether the building should be immediately evacuated or 

if it is still considered in good structural shape. This is the main proposal of this investigation.  

Although it was not possible to test a real building with real measurements, the reduced models studied 

clearly show that it may be possible to perform damage assessment in buildings using operational modal 

analysis with quite satisfactory results. In fact, this work can be seen as a primary glimpse for future 

investigations in this field and its content is purely hypothetical for now. For some investigators, this work 

can look incomplete due to the lack of information about how OMA really actuates if one uses it in real 

structures for damage assessment. Nevertheless, the correlation between theoretical and experimental 

modal parameters, seem to provide sufficient verification of the models main assumptions. Hence, these 

results are good candidates for use in successive investigations including non-destructive tests, more 

refined sensitivity analysis and the application of structural identification techniques to better access the 

structural condition and performance of civil engineering structures after main shocks. 
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