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ABSTRACT

The continued functionality of digital control systems and electrical equipment during and after an earthquake
is an essential safety requirement in nuclear power plants (NPPs). Sensitive equipment, like relays, can
be affected by high-frequency excitations even at low magnitude accelerations. Therefore, high-frequency
vibrations from impact loading, such as airplane crashes (APC), need consideration, as vibrations can propa-
gate through structures to the location of safety-related electrical systems and influence their functionality.
Typically, control systems are qualified for seismic loading using generic shake table testing. In these tests,
high acceleration values account for most failures. However, a major drawback is the limitation of shake
table test frequencies, which are typically in the low-frequency range. High-frequency accelerations, on the
other hand, can be influenced by localized nonlinearities such as gaps at the mounting regions of an electrical
cabinet or other equipment. Such gaps can filter out the low amplitude high frequency motions, but it is also
possible that localized impacts due to gap-closure amplify the high frequency accelerations. Experimental
data obtained from Sine Sweep tests that include high-frequency motion can capture this localized nonlinear
behavior. However, actual physical testing is expensive and therefore engineers rely on advanced modeling
and simulations. A first step in validating the simulation models includes comparing the natural frequencies
obtained from an eigenvalue solution of the linearized finite element model with those obtained from the
measured data. However, the presence of localized nonlinearities due to gaps which cannot be considered in
an eigenvalue solution, may lead to effective dominating frequencies of the system that differs from calculated
natural frequencies. In this paper, a set of simplified models is considered to show the effects of gap-closure
and localized nonlinearities on dynamic characteristics of the system. Additionally, an approach to obtain
realistic dominating frequencies by analytically simulating the Sine Sweep test and utilizing Fast Fourier
Transformation (FFT) is recommended instead of using an eigenvalue solution of linearized system.

INTRODUCTION

Events like the one at Fukushima Daiichi plant in Japan has made disaster mitigation or prevention a top
priority for the nuclear energy industry (U.S.NRC, 2018). Consequently, significant attention has been
directed towards the preservation and safety of all components within nuclear facilities in the event of an
earthquake. As a precursor to more in-depth analyses, a broader perspective is necessary to focus on electrical
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systems commonly found in power plants and substations. This type of risk assessment generally involves
collecting data from various seismic events, analyzing the system’s response to these events, and extrapolating
this information to identify specific areas of risk (Wakefield et al., 2003). Such risks can manifest in numerous
ways, ranging from minor structural defects to system failures within the plant. Electrical systems, in
particular, are among the most critical components within any NPP. They include safety measures, monitoring
tools, and provide essential functions that must continue to operate during vibrations such as those due to
seismic events or airplane crash (APC) (Ghadimi Khasraghy et al., 2024a,b).

It is important to understand the behavior of electrical equipment when subjected to seismic and APC
induced vibrations particularly in the high frequency region. In recent years, a few earthquakes worldwide
have exhibited high-frequency content due to the presence of hard rock soil profile. Electrical systems may not
perform their intended functions at such high-frequency excitations even though the corresponding amplitude
of acceleration is relatively small than for low-frequency excitations. This indicates that electrical systems
that may be safe in regions with softer soil profiles may not be safe when subjected to high frequencies
vibrations (Singh and Gupta, 2021). The vibrations propagate through the structure into electrical cabinets
and can affect the functionality of safety-related electrical systems and relays. The complexity of systems and
components within the cabinet presents a significant safety related risk. Therefore, the current practice for
generating in-cabinet response spectra (ICRS) for high-frequency floor motions at the location of the cabinet
induced by seismic and APC loads for both integrity assessment and functionality verification need to be
studied (Ghadimi Khasraghy et al., 2023; Moussallam et al., 2022).

CONVENTIONAL APPROACH

Shake table testing is generally utilized to generate the in-cabinet response spectra and evaluate the seismic
performance of electrical systems housed within the cabinet (American Society of Civil Engineers, 2017;
IEEE, 2019). Increased emphasis has been placed on ensuring that electrical system safety and functionality
is evaluated for high-frequency input motion (EPRI, 2015). Typical shake table test involves using Sine
Sweep testing in ranges of input frequencies to calculate the transmissibility ratio (TR) at desired locations.
The TR illustrates how shake table excitation and the dynamic characteristics of a cabinet affect accelerometer
output, highlighting areas of potential amplification or attenuation of vibrations. Experimentally obtained
TR data in previous studies has indicated significant amplitudes in high-frequency ranges. Cabinet response
is influenced by multiple factors, including the mounting arrangement and structural configuration (Patel
et al., 2023; Yang et al., 2003). Additionally, rocking motions may create ‘nonlinear uplift’ at the base of
the cabinet, affecting the cabinet’s response (Patel et al., 2023). Finite element (FE) analysis utilized to
determine ICRS serves as an effective and practical engineering approach. However, nonlinear effects from
the mounting arrangement at support locations and within cabinet structure must be considered when building
FE models (Singh and Gupta, 2021; Yang et al., 2003). The natural frequencies of vibration in a cabinet are
typically calculated using an eigenvalue analysis of the linear (or linearized) FE model. It is important to note
the conventional approach is restricted to linear systems and cannot be used when considering the effects of
certain nonlinearities in the system (Pst et al., 1999). Neglecting gaps between elements and considering
adjoining members to be connected in an eigenvalue solution would give unrealistic frequencies of the system,
which can differ from measured dominant frequencies. On the other hand, considering the gap but ignoring
the interaction between adjoining surfaces during vibration would also give unrealistic results , as shown in
the study. Some widely used FE software, such as Abaqus and Ansys, can provide an eigenvalue solution
omitting non linearities such as contact or gaps. Comparison of these results with experimental data must be
conducted with caution (Ikbal et al., 2023; Son et al., 2022). An example can be found in Figure 1, showing
an electrical cabinet with displacements resulting from a modal analysis.
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Figure 1. Example of a FEA Model with Modal Analysis (upscaled displacements)

ILLUSTRATION OF FUNDAMENTAL PROBLEM

To investigate the significance of support nonlinearities, such as gap-closure, on the dynamic characteristics
of the system, a series of simplified three-dimensional models are developed by varying contact and gap
conditions. The 3D model analyzed in the Abaqus software (Abaqus, 2023) in this study is shown in Figure 2.
All degrees of freedom are constrained excluding horizontal displacement along the x-axis. This model
includes two single degree-of-freedom (SDOF) sub-systems (A1 and A2) connected vertically. The lower
system A1 is adjacent to a rigid wall, providing a contact surface that does not extend to the upper system.
This configuration facilitates observation of impact behavior due to gap-closure and enables the use of contact
interactions. The two SDOF sub-systems are constrained by coupling rotational and translational degrees of
freedom across both sides of the interface, effectively bonding the connected nodes. Each SDOF sub-system
comprises an elastic column representing the spring of the SDOF system, and a box composed of shell
elements attached to the top of the column representing its mass.

This study primarily focuses on analyzing and observing the global dynamic response within
each system. Initially, natural frequencies are evaluated for each sub-system (A1 and A2) separately.
Subsequently, natural frequencies from eigenvalue solution are computed for the whole model under three
primary configurations:

(i) no contact and no gap-closure between lower SDOF system (A1) and the wall

(ii) with contact and no initial gap-closure

(iii) with contact while introducing a small gap of 1 mm between (A1) system and the wall
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Figure 2. Abaqus FEA Model and Accelerometer Locations

In the first configuration, no interaction of A1 system with the wall occurs, as there is no contact
between the wall and the system considered in the model. In this case the system is linear. The frequencies of
the system are calculated using two approaches: built-in linear eigenvalue analysis and a simulation-based
Sine Sweep base excitation time history analysis with Fast Fourier Transformation (FFT) of the system’s
dynamic response. FFT is a classic signal processing algorithm that identifies the frequency content of time
history data (Heideman et al., 1984). In this study, the Sine Sweep base motion (ẍ(t)) is chosen to cover a
frequency range from 1 to 20 Hz, with a time step of 0.01 seconds over a duration of 5 seconds. In Equation 1,
describing the base acceleration, the starting frequency is represented by f0 and the ending frequency by f1,
the total duration by T , and the time step by t.

ẍ(t) = sin

(
2π

(
f0t+

f1 − f0
2T

t2
))

(1)

The base of the A1 system is restrained differently in two performed calculations. In linear modal
analysis, the base is completely fixed, whereas in the Sine Sweep time history analysis, translational
displacement is prescribed in the x-direction. The wall is considered to be rigid. Accelerometer data is
extracted from the top of each sub-system shown in Figure 2 as absolute acceleration, using implicit dynamic
analysis. The time histories data is then converted into the frequency domain using the FFT. The resulting
graphs exhibit various dominating frequencies and trends, which are discussed in the subsequent section.

EIGENVALUE SOLUTION

First, each SDOF system is analyzed separately as previously outlined, and then the complete model is
analyzed under the three configurations mentioned above. The natural frequency of the lower SDOF system
is 9.6 Hz, while that of the upper SDOF system is 4.7 Hz when analyzed separately. It must be mentioned
that for the eigenvalue analysis, all configurations have been linearized.

For configuration 1, the first natural frequency of the whole system is 3.3 Hz. The first mode primarily
corresponds to the displacement of the upper A2 sub-system. The second natural frequency of the whole
system is 13.9 Hz, with dominating displacements of the lower A1 sub-system. Figure 3 illustrates this
configuration with upscaled displacements resulting from a modal analysis for each mode. It is important to
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note that, in this configuration, the lower A1 sub-system partially visually intersects with the wall since there
is no contact condition introduced between them. The natural frequencies for each configuration from the
eigenvalue analysis of linearized systems are shown in Table 1.
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Figure 3. Configuration 1: No Contact, No Gap

Table 1: Eigenvalue Analysis of All Configurations

Configuration Mode 1 Mode 2

No contact, No gap-closure 3.3 Hz 13.9 Hz

With contact, No initial gap-closure 4.7 Hz -

With contact, With 1 mm gap-closure 3.3 Hz 13.9 Hz

As previously described, providing connection with the wall suppresses a displacement of the lower
A1 sub-system, resulting in only the one mode being present in Configuration 2. Consequently, the upper A2
sub-system encounters a similar condition to its individual modal behavior, aligning with its natural frequency
of 4.7 Hz.

FFT OUTPUTS

Configuration 1: No contact, No gap-closure

Eigenvalue analysis serves as the basis for interpreting the outputs obtained from the time domain analysis
and FFT. In Configuration 1, as shown in Figure 4, the output aligns with expectations. In the absence of
gap-closure or nonlinear behavior, the peaks observed closely match the values shown in Table 1. However,
this observation differs when examining Configuration 2.
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