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1 ABSTRACT 

Safety-related equipments of nuclear power plants must be seismically qualified to demonstrate their ability 
to operate as required under earthquakes design. Before the installation of cabinets, the seismic qualification 
for the cabinets can be conducted by using experimental test or numerical analysis. But, in case of the 
numerical analysis it is difficult to model the complex cabinets with electrical devices. However, the 
experimental test using shaking table is usually preferred. The dynamic characteristics of the cabinets show 
complex nonlinear behaviour under earthquakes test because of electrical devices attached with the cabinets. 
For the seismic qualification, dynamic characteristics of cabinets should be examined before the installation. 
Therefore, in this paper, in order to obtain the more realistic information of the cabinet, the modal 
identification testing is conducted by shaking table tests according to excitation level. Modal identification of 
the cabinet has been performed by frequency domain decomposition (FDD). The dynamic properties of the 
cabinet are changed according to excitation level. It can reflect the nonlinear dynamic characteristics of 
cabinets when performing the seismic qualification.  

2 INTRODUCTION 

In critical industrial facilities like nuclear power plants, the safety related electrical instruments must be 
seismically qualified to demonstrate its ability to operate as required during design earthquake. It is clearly 
that a great majority of the existing cabinet structures in seismically active regions are vulnerable during 
earthquake. Therefore, more research is needed to expand knowledge on seismic behaviour and design for 
cabinet structures. The dynamic properties of cabinets are calculated from finite element analysis in most 
cases. In some cases, these dynamic properties have been estimated based on the experimental data obtained 
from either shaking table tests or in-situ modal tests. The calculated dynamic properties of cabinets are then 
used to evaluate the earthquake input for safety related instruments. Several researchers have studied the 
cabinet dynamic behaviour either analytically or experimentally (Stafford 1975; Llambias et al. 1989; 
Djordjevic 1992; Lee and Abou-Jaoude 1992; Katona et al. 1995). Almost all the studies have focused on 
develop simple methods or evaluating cabinet amplifications. The premise for developing simple methods is 
that finite element analysis or vibration tests of several hundred different cabinets in a single plant is time 
and cost intensive. 

The seismic qualification is typically achieved through experimental testing or numerical analysis, though 
qualification by experience data is also recently acceptable. Before the installation of cabinets, the seismic 
qualification for the cabinets can be conducted by experimental testing or numerical analysis. In the 
numerical analysis, it is difficult to construct effective numerical model because of complex cabinets with 
electrical devices. Therefore, the experimental testing using the shake table is usually preferred. The cabinets 
under concern earthquakes show very complicated nonlinear dynamic characteristics because of electrical 
instruments mounted on the cabinets. For the seismic qualification, dynamic characteristics of cabinets have 
to examine before the installation. Therefore, in this paper, in order to obtain the more realistic information 
of the cabinet, the modal identification testing is conducted by shaking table tests according to excitation 
level. Modal identification of the cabinet has been performed by frequency domain decomposition (FDD). 
The dynamic properties of the cabinet are changed according to excitation level. It can reflect the nonlinear 
dynamic characteristics of cabinets when performing the seismic qualification.  
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3 EXPERIMENTAL TEST  

3.1 Test setup 

The test specimen is a seismic monitoring system central processing unit cabinet for a nuclear power plant. 
Its main function is alarming and monitoring seismic signals at the site of the plant. A cabinet which contains 
a controlling computer and electrical devices was utilized to present the dynamic characteristics and 
behaviour during shaking table tests. As shown in Fig. 1(a), the controlling computer and electrical devices 
are mainly concentrated on the upper part, while in the lower part there is much empty. That leads to the 
mass of the upper part is much larger than the lower part. Furthermore, the part of mass is connected with the 
part of stiffness only by bolts in the bottom and without connection in the top, which may cause the 
nonlinear behaviour during dynamic tests. As shown in Fig. 1(b), the test cabinet model was mounted to the 
shaking table, the dimension of the test cabinet is 190*75*63cm and its weight is about 310kg. As shown in 
Fig. 1(b), seven PCB PIEZOTRONICS accelerometers model 393B12 were attached to the middle line of 
one side for acceleration measurements in X direction. The experimental tests were performed in Korea 
Electric Power Research Institute (KEPRI) of Korea Electric Power Corporation (KEPCO). 

  

(a) Internal view  (b) Dimension and accelerometers setup  

Figure 1. Test cabinet on the shaking table 

3.2 Shaking table tests 

To investigate the dynamic characteristics of the cabinet structures, the test cabinet was mounted on a 
shaking table installed in KEPRI. The shaking table is 2.5*2.5m and it has three independent translational 
degrees of freedom and three independent rotational degrees of freedom, totally six degrees of freedom.  

To derive the modal properties of the cabinet, the sine sweep test technique was employed. The sine 
sweep is a series of sine signals that are momentarily constant in frequency and are stepped in frequency 
between adjacent frequencies. The entire sine sweep signal is continuous in time (i.e. no discontinuities in 
time). The sine sweep tests were carried out by kinematic, harmonic motion of the shaking table in one, 
selected horizontal (x) direction. A series of sine sweep tests whose amplitudes of the harmonic accelerations 
varied from very small (about 0.015g) to relatively large (about 0.3g) have been performed. During the tests 
the frequency of excitation was slowly increasing from 2 Hz until 32 Hz. The amplitudes and phases from all 
the sensors were recorded. When the harmonic excitations were reaching natural frequencies the vibrations 
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of the frame displayed respective natural modes. These vibrations were however too fast and too small to be 
visually observed, but they could be retrieved from the recorded phases and amplitudes. In addition the 
natural modes retrieved from sine sweep tests can quantitatively be compared with the analytical ones. 

4 MODAL IDENTIFICATION 

Modal identification of output-only systems is normally associated with the identification of modal 
parameters from the natural responses of civil engineering structures, space structures and large mechanical 
structures. Normally, in these cases the loads are unknown and, thus the modal identification has to be 
carried out based on the responses only (Brincker et al. 2001). The classical approach is based on simple 
signal processing using a discrete Fourier transform, and uses the fact that well separated modes can be 
estimated directly from the power spectral density matrix at the peak (Bendat et al. 1993). The classical 
technique gives reasonable estimates of the natural frequencies and mode shapes if the modes are well 
separated. However, in the case of close modes, it can be difficult to detect the close modes. Furthermore, the 
frequency estimates are limited by the frequency resolution of the spectral density estimate and, in all cases, 
damping estimation is uncertain or impossible. 

The technique employed in this paper is a frequency domain decomposition (FDD) method. It removes 
all the disadvantages associated with the classical approach, but keeps the important features of user 
friendliness and even improves the physical understanding by dealing directly with the spectral density 
function. Furthermore, the FDD method gives a clear indication of harmonic components in the response 
signals. 

4.1 Frequency domain decomposition method 

In the FDD method (Otte et al. 1990, Brinker 2000), the singular values of the power spectral density (PSD) 
function matrix )(!yyS  are used to estimate the natural frequencies instead of the PSD functions themselves 

as follows 

!= )()()()( """" VUS T
yy    (1) 

Where ! is the diagonal matrix consisting of the singular values )( 'si!  and U  and V are unitary 

matrices. Since )(!yyS  is symmetric, U  becomes equal toV . In this FDD method, the natural frequencies 

can be determined from the peak frequencies of the singular values, and the mode shape from anyone of the 
column vectors of )(!U  at the corresponding peak frequencies. Generally the first singular value )(1 !"  

among ),...,1(' Nisi =!  is used to estimate the modal parameters except in some special cases such as with 

two or more identical excitations. 

5 DATA PROCESSING AND MODAL PARAMETERS 

5.1 Data processing 

The sine sweep tests were performed for nine times whose amplitudes of the harmonic accelerations varied 
from very small (about 0.015g) to relatively large (about 0.3g) to compare the natural frequencies under 
different magnitudes excitations. However, the measured amplitudes of the harmonic accelerations were 
found not exactly equal with the design amplitudes. So some techniques were employed to derive the actual 
amplitudes of the harmonic accelerations. The envelopes of the measured amplitudes of the harmonic 
accelerations at the bottom of the test cabinet were derived and then the averages of them were 
approximately seen as the actual amplitudes. As shown in Figs. 2 and 3, the upper graphs show the time 
history of the measured accelerations at the bottom of the test cabinet (A1) for design amplitudes 0.02g and 
0.2g, respectively. And the middle graph show the envelope of the signals, from which the actual amplitudes 
were found to be 0.0254g and 0.2427g, as summarized in Table 1. 
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Figure 2. Envelope and spectrogram of measured 
accelerations (A1) of design magnitude 0.02g 

Figure 3. Envelope and spectrogram of measured 
accelerations (A1) of design magnitude 0. 2g 

Furthermore, the natural frequency of the test cabinet is relatively not so large, so the signals for high 
frequency part were removed to reduce the effects of noise. To derive the relationship between frequency 
and measured time of the signals, the spectrogram was utilized as shown in the lower graphs of Figs. 2 and 3. 
The most common format is a graph with two geometric dimensions: the horizontal axis represents time, the 
vertical axis is frequency. Spectrograms were or calculated from the time signal using the short-time Fourier 
transform (STFT). Creating a spectrogram using the STFT is usually a digital process. Digitally sampled 
data, in the time domain, is broken up into chunks, which usually overlap, and Fourier transformed to 
calculate the magnitude of the frequency spectrum for each chunk. Each chunk then corresponds to a vertical 
line in the image; a measurement of magnitude versus frequency for a specific moment in time. From the 
spectrograms, the signals for the beginning 100 seconds were extracted, during which the frequency is less 
than 30Hz.  

5.2 Comparison of results 

The modal parameters were derived from shaking table tests using FDD method as described in chapter 4. 
Typical values of the extracted modal frequencies and damping factors are summarized in Table 1 for the 
excitation levels of 0.0174g to 0.3877g, representing linear and nonlinear behaviors, respectively. Reviewing 
the values in Table 1, resonance frequencies might have been reasonably extracted because they coincide 
well with each other. However, the values of estimated damping factors show an unusual trend, i.e., damping 
for the fundamental mode seems to be higher than expected. The higher damping value for the fundamental 
mode is judged to be caused by the mass and stiffness distributions, which we may also not from the mode 
shapes as shown in Fig. 6. 

Table 1 Natural frequency and damping ratio under shaking table test. 

Terms Shaking table test 

Target Excitation level 
(g) 

0.015 0.02 0.03 0.05 0.1 0.15 0.2 0.25 0.3 

Actual acceleration (g) 0.0174 0.0254 0.0303 0.057 0.1137 0.1783 0.2427 0.3152 0.3877 

Natural frequency (Hz) 10.938 10.935 10.935 10.547 9.375 8.594 8.203 8.203 8.203 

Damping ratio (%) 9.350 9.034 8.521 8.751 9.910 9.159 10.415 12.772 16.697 

 

Figs. 4 and 5 show the more specific variation of fundamental frequencies and damping factors in the X-
direction in accordance with mean peak acceleration. As can be seen in Fig. 4, the frequency of 10.938 Hz 
under the lowest excitation was gradually reduced as the excitation level increased and finally decreased to 
8.203 Hz at 0.3877 g excitation. The reduction was almost 25% which implies that the specimen has 



 5  

significant nonlinear characteristics. Fig. 6 shows the comparison of the fundamental mode shapes with 
variation of peak acceleration, from which the nonlinear dynamic behaviour under high excitation level can 
be noted also. The nonlinearity might have resulted from structural or geometrical properties rather than 
material nonlinearity because no permanent material deformation was found during and after the excitation 
tests.  
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Figure 4. Variation of fundamental natural 
frequency vs. mean of peak accelerations 

Figure 5. Variation of fundamental damping ratio 
vs. mean of peak accelerations 

 

Referring to the variation of modal damping with the excitation level shown in Figure 5, one can note an 
increasing trend in damping. The modal damping value increases with the increase of mean peak 
acceleration. The trend of variation of damping can be explained when we consider the damping property of 
the specimen is controlled primarily by friction-type and geometrical nonlinear damping rather than material 
damping. 
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Figure 6. Variation of fundamental mode shape vs. mean of peak accelerations 

6 CONCLUSION 

From the evaluation of the modal parameters of a seismic monitoring central processing unit cabinet, the 
specimen has been identified to behave in a considerably nonlinear manner in accordance with the excitation 
level. The nonlinear dynamic behaviour might have resulted from structural or geometrical properties as the 
test cabinet are asymmetric in mass and stiffness, of which the masses of the electrical devices are mainly 
concentrated on the upper part and the stiffness are mainly concentrated on the lower part. From the 
comparison of experimental results under shaking table tests, the conclusion can be drawn as follows: 
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1) The fundamental natural frequency of the test cabinet decreases as the mean of peak acceleration 
increases. The damping ratio also has a trend of increasing even some of the experimental tests with 
some fluctuation. 

2) In order to reasonably extract natural frequencies and damping ratios according to the excitation 
levels, it has to derive the actual amplitudes of the harmonic accelerations.  

3) The cabinet structures have nonlinear dynamic behaviour even under not larger excitation level, 
which one can note from Fig. 6.  

For further studies, these dynamic relationships can reflected the nonlinear dynamic characteristics of 
cabinets when performing the seismic qualification.  
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