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Abstract: The study investigates the collapse probability of a cabinet facility with a tuned mass
damper (TMD) subjected to high- and low-frequency earthquakes. For this aim, a prototype of the
cabinet in Korea is utilized for the numeric simulation. The accuracy of the finite element model is
evaluated via the impact hammer tests. To mitigate the seismic response of the structure, a TMD
system is developed whose properties are designed based on the outcomes from the modal analysis
(i.e., modal frequencies and mode shapes). Furthermore, the influences of earthquake frequency
contents on the seismic response are evaluated. The numeric analyses are conducted using a series of
eighty earthquakes that are classified into two groups corresponding to low- and high-frequency
motions. Finally, fragility curves are developed for the cabinet subjected to different ground motion
sets. The results quantify the seismic vulnerability of the structure and demonstrate the influences of
earthquake frequency contents and the vibration control system on the seismic response of the cabinet.

Keywords: cabinet facility; experimental test; tuned mass damper; earthquake frequency content;
fragility analysis

1. Introduction

Nonstructural components (NSCs) or secondary systems are those parts and elements suspended
from, mounted on or attached to floors, roofs and walls of buildings or industrial facilities that
are not intended to contribute to the structural load-bearing systems [1]. Examples of NSCs in
building structures are piping systems, heating, ventilation and air conditioning units, pumps,
electrical equipment, suspended ceilings, windows, bookshelves, file cabinets, furniture and appliances.
Evidence from previous earthquake events has illustrated that in many cases, building structures have
lost their functionality because of damage to NSCs [2,3]. Many studies in the past have been conducted
to improve the understanding of the seismic performance of NSCs [4–10]. For this aim, different tests
such as impact hammer test, sine test or shaking table test can be used [9–12]. The present study
evaluates the seismic performance of electrical file cabinets and the effect of TMDs on the improvement
of the performance of these secondary systems.

According to the operation history of nuclear power plants (NPPs) in over the world, some plants
had been completely shut down during or after an earthquake because of damages on its components.
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For example, in March 2011, the Tohoku earthquake in Japan and subsequent tsunami caused severe
consequences to the NPPs in Fukushima Daiichi and serious nuclear disaster, which directly affected
the ambient environment and human life. This event affected various NPPs simultaneously at a site
when eleven reactors of four plants had to be shut-down immediately [13,14]. The Gyeongju (2016)
and Pohang (2017) earthquakes that occurred with high-frequency contents had the potential damage
to the continued functionality of related equipment in NPP secondary structures [15]. Additionally,
the Virginia earthquake in the US (2011) was known as a motion with the intensity measure (IM)
exceeded both operating basis and design basis earthquakes level at North Anna Station, although
there were no significant damages after carrying out post-earthquake investigations [16]. Therefore,
the studies on the seismic response of primary, secondary structures, and their components are
always necessary.

In the context of performance-based earthquake engineering (PBEE), the earthquake frequency
content is known as an important parameter that can significantly affect the seismic response of the
structure. For a high-frequency structure as an electrical cabinet, the high-frequency ground motion
can amplify the structural response [15]. In this study, two suites of ground motions, including
high-frequency (HF) and low-frequency (LF) earthquakes are considered where an earthquake is
considered as low-frequency when its dominant frequency value is less than 10 Hz [17].

Electric cabinets play an important role in the operation of nuclear power plants; thus, their seismic
performances need to be considered sufficiently. Being an indispensable part of NPP, there are numerous
electrical devices attached inside the cabinet, such as switchboards, lighting panels, etc., and these
functional devices are sensitive to the response of the main structure. For instance, the sensitivity of
the acceleration response of the fusible switches and circuit breakers depends on their relative location
in the cabinet [18–20]. For these nonstructural components, the grouping effects that refers to the
combination of the cabinet facility are one of the key aspects that have been investigated in several
works [21–23]. Salman et al. [21,22] developed the seismic fragility curves of the cabinet following
two design standards, namely earthquake loss estimation methodology (HAZUS) [24] and Nuclear
Regulatory Commission (NUREG) [25].

Numerous researchers have tried to invent various seismic control devices that help to mitigate
unexpected vibration of the structural and nonstructural systems by dissipating the input seismic
energy [26–31]. In order to assess the efficiencies of a structure, important requirements should be
satisfied, such as stability, serviceability, etc. One of the effective methods is the use of tuned mass
damper (TMD), which was first proposed in 1909 [26]. Many research studies have been carried out to
improve the efficiency of TMD systems for various dynamic applications. TMDs were first proposed for
the mitigation of wind-induced vibrations. Later, TMDs were also implemented for reducing the effects
of seismic excitations [27,28]. Studies in the past have illustrated shortcomings associated with the
use of TMDs for the mitigation of seismic responses of structures. These shortcomings arise primarily
from the nonlinear behavior of the primary structure in severe seismic loading and the associated
period shift that causes a detuning [30,32]. As long as the structure behaves within the linear range of
behavior, which is the case in the present study, this shortcoming is less pronounced. In the field of
nuclear engineering, the TMD systems have been popularly used to mitigate the seismic response of
structures [33–37]. For instance, Kwag et al. developed multiple TMDs to reduce the vibration of the
piping system in NPPs due to earthquakes [34,37]. Only a few studies in the past have used TMDs
for the mitigation of the responses of nonstructural components. Anajafi [38] illustrated that the use
of a higher-mode TMD could significantly reduce the spikes of floor acceleration spectra of building
structures mitigating the seismic force demands on nonstructural components. Tan et al. [39] used
TMDs to reduce the seismic responses of piping systems. Cho et al. [33] used a TMD to improve the
seismic response of an electric facility.

This study aims to fill the technical gaps which have not been particularly highlighted in the
present literature. The main objective is to evaluate the seismic responses of electrical cabinet subjected
to the high- and low- frequency ground motions. The TMD is also used as a control device, which can
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reduce the response of the electric cabinet to improve the stability of electrical components. Based on
the obtained outcomes, the correlation of seismic performance between two groups of earthquakes
and two numeric models with and without applying TMD is investigated.

2. Numeric Modeling of NPP Equipment

2.1. Structural Configurations

In this study, an electrical cabinet provided by Innose Tech company in Korea was used as a
representative of NPP equipment [11,21]. This prototype was used to carry out some experimental
tests for assessing the seismic performance of NPP facilities. The details of the configuration are
shown in Figure 1a. The specifications of the components, including plates, subframes, mainframes,
were assigned to SS400 steel. The material characteristics had 200 GPa of Young’s modulus, the Poisson’s
ratio (v) and density (ρ) were 0.3 and 7850 kg/m3, respectively. The external dimensions of the
cabinet were 800×800×2100 (mm×mm×mm), and its weight was 287 kg. The thickness of the plates
was 2.3 mm, and the detailed cross-sections of the electric cabinet’s components include C-shape and
rectangular, as expressed in Figure 1b.

The finite element model (FEM) of the electric cabinet was created by using SAP2000 software
(Figure 1c), in which the linear beam and shell elements were used to simulate the frame and plate
members, respectively. Torsion and warping [40] of plate members of the structure were ignored in this
study. The link elements were used to model their connections. Particularly, the connections between
the plates and frames were simulated as rigid link elements. The hinges between doors and frames
were also considered to be fixed at five degrees of freedom; only the rotation around the hinge axis was
released. Meanwhile, the locks between panels and frames were fixed at three translational degrees of
freedom. For the boundary condition of the structure, a total of 8 bolts connect the base-frames with
the floor. These connections were assumed to be fixed at all degrees of freedom.

Appl. Sci. 2020, 10, 4850 3 of 16 

 

which can reduce the response of the electric cabinet to improve the stability of electrical components. 

Based on the obtained outcomes, the correlation of seismic performance between two groups of 

earthquakes and two numeric models with and without applying TMD is investigated. 

2. Numeric Modeling of NPP Equipment 

2.1. Structural Configurations 

In this study, an electrical cabinet provided by Innose Tech company in Korea was used as a 

representative of NPP equipment [11,21]. This prototype was used to carry out some experimental 

tests for assessing the seismic performance of NPP facilities. The details of the configuration are 

shown in Figure 1a. The specifications of the components, including plates, subframes, mainframes, 

were assigned to SS400 steel. The material characteristics had 200 GPa of Young’s modulus, the 

Poisson's ratio (v) and density (𝜌) were 0.3 and 7850 kg/m3, respectively. The external dimensions 

of the cabinet were 800×800×2100 (mm×mm×mm), and its weight was 287 kg. The thickness of the 

plates was 2.3 mm, and the detailed cross-sections of the electric cabinet's components include C-

shape and rectangular, as expressed in Figure 1b. 

The finite element model (FEM) of the electric cabinet was created by using SAP2000 software 

(Figure 1c), in which the linear beam and shell elements were used to simulate the frame and plate 

members, respectively. Torsion and warping [40] of plate members of the structure were ignored in 

this study. The link elements were used to model their connections. Particularly, the connections 

between the plates and frames were simulated as rigid link elements. The hinges between doors and 

frames were also considered to be fixed at five degrees of freedom; only the rotation around the hinge 

axis was released. Meanwhile, the locks between panels and frames were fixed at three translational 

degrees of freedom. For the boundary condition of the structure, a total of 8 bolts connect the base-

frames with the floor. These connections were assumed to be fixed at all degrees of freedom. 

 

Figure 1. Test structure: (a) configuration; (b) main cross-sections (mm); and (c) finite element model. 

In this study, the electrical cabinet was assumed to respond elastically with a 5% inherent 

(viscous) damping. A few experimental studies have shown that the viscous damping ratio of typical 

NSCs could be well below the conventional value of 5% [41,42]. Previous numeric studies had 

illustrated that the value of NSCs damping ratio could significantly affect the acceleration demands 

on NSCs, especially when the frequency of NSCs was close to those of the supporting structures 

[1,43]. Furthermore, a few previous studies had shown that the inelastic behavior of NSCs could 

significantly reduce their seismic force and displacement demands, especially for tuned NSCs [44–

46]. Given the importance of the damping ratio and the nonlinear behavior of NSCs identified by the 

Main frame

Sub frame 1

1

2

Sub frame 23

(b)(a)

50

3.2

50

14

3.2

60

23

3.2

60

(c)

Figure 1. Test structure: (a) configuration; (b) main cross-sections (mm); and (c) finite element model.

In this study, the electrical cabinet was assumed to respond elastically with a 5% inherent (viscous)
damping. A few experimental studies have shown that the viscous damping ratio of typical NSCs could
be well below the conventional value of 5% [41,42]. Previous numeric studies had illustrated that the
value of NSCs damping ratio could significantly affect the acceleration demands on NSCs, especially
when the frequency of NSCs was close to those of the supporting structures [1,43]. Furthermore, a few
previous studies had shown that the inelastic behavior of NSCs could significantly reduce their seismic
force and displacement demands, especially for tuned NSCs [44–46]. Given the importance of the
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damping ratio and the nonlinear behavior of NSCs identified by the above-mentioned studies, future
research works on electrical cabinets should consider the effect of these parameters.

2.2. Validation of the Numeric Model

In this study, the impact hammer test was performed to identify the dynamic characteristics of the
cabinet. A schematic of the test is shown in Figure 2. Three 393B04 accelerometers were installed along
the height of the cabinet (Figure 2b) to record the response from the impact force (Figure 2a).

The acceleration responsed from the experimental tests were first obtained. Then the frequency
domain decomposition (FDD) method [47,48] was used to extract the natural frequencies of the cabinet,
as plotted in Figure 3. In order to verify the numeric model, the acceleration responses at the cabinet’s
top were taken in both directions (front-to-back and side-to-side) and compared with the test, as shown
in Figure 4. As can be seen in the figure, the outcomes from FEM had a good agreement with those from
the test. It is worth mentioning that there was a minor difference in the response in the front-to-back
direction. This can be explained due to the effect of shim and hinge connections between doors
and main frames. In the numeric model, these connectors were assigned as the link elements; thus,
the response may differ with the test.
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Figure 2. Impact hammer test: (a) Impact force; (b) sensor locations.
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2.3. Modal Analysis

This section presents the dynamic characteristics of the cabinet that were important to design a
vibration control device for the structure. As discussed previously, the electric cabinet was built up
with frame and plate members; thus, the structure had global modes (dominated by the deflection of
the cantilever frame as a whole) and local modes (the steel plate behavior of the side panels and doors).

For modal analysis, one hundred modes were defined to calculate the modal participation mass
ratio (MPMR). Figure 5 presents the dynamic characteristics (i.e., mode shape, natural frequency,
and MPMR) of the first three modes. The obtained results indicated that the dominant dynamic
behavior of the cabinet was controlled by the third mode as its MPMR was significantly higher than
any other modes of vibration. The modal mass of the cabinet was calculated as follows [49]:
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modal mass =
n∑

i=1

mi × δ
2
i j (1)

in which n was the number of nodes of the structure; mi was the mass of ith node and δi j was the
eigenvector of ith node and jth mode.
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Figure 5. First three mode shapes of the cabinet: (a) Mode 1 ( f = 14.43Hz, MPMR = 1.09%); (b) Mode
2 ( f = 14.56Hz, MPMR = 17.63%); (c) Mode 3 ( f = 15.13Hz, MPMR = 68.00%).

2.4. Modeling with Tuned Mass Damper (TMD)

2.4.1. Mathematical Modeling of the TMD System

A TMD is a substructure that serves as a vibration absorber for the main structure [50–54]. A TMD
device consisting of a spring (with stiffness k), a mass (m) and a damper (coefficient c) is attached to
a structure having stiffness (K), a mass (M) and a damping (C) to mitigate undesirable vibrations.
In other words, TMD helps to reduce the response of the structure under the effects of seismic loading
condition by increasing considerably modal damping in some first important modes. The simple
explanation of the TMD device is described in Figure 6.
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Figure 6. Schematic diagram of a tuned mass damper (TMD) attached to the cabinet.

In this study, in order to validate the effectiveness of the TMD device, the seismic response of the
electric cabinet with and without TMD subjected to different groups of ground motion are analyzed
and compared to each other.
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The specifications of a TMD device include its tuning, mass and damping ratio. The ratio between
the fundamental frequency of the TMD ωt and the main structure ωo is defined as the tuning ratio f ,
which expressed in the Equation (2).

f = ωt/ωo (2)

Moreover, the mass ratio is defined by Equation (3)

µ = m/M (3)

where M is the generalized mass for a certain mode of vibration of the structure. The damping ratio of
the TMD device is defined by Equation (4).

ξ = c/2mωt (4)

To reduce the response of the main structure under earthquake loading conditions, many studies
were conducted to assess the effects of parameters f and ξ for a given µ. According to Kaynia et al. [55],
the optimum mitigation in the response of the main structure can be achieved when f is close to unity.

2.4.2. Optimum TMD Parameters

Through the modal analysis, the modal participation mass ratios for the dominant modes are
determined. The parameters of the TMD are then defined as a function of the MPMR. The following
equations are used to calculate the optimal frequency, fopt and damping ratio, ξopt, of TMD [56].
Although these equations are applied for stochastic base excitations, in this study they are used for the
actual ground motions due to their simplicities.

fopt =
1

1 + µ
(5)

ξopt =

√
3µ

8(1 + µ)
(6)

in which µ is the mass ratio of TMD. The parameters of TMD are tabulated in Table 1.

Table 1. Parameters of the TMD.

Parameters Unit Value

Mass kg 10
Mass ratio – 0.099

Frequency ratio – 0.910
Damping ratio % 0.184

Stiffness N/m 74.899

2.4.3. Structural Modeling with TMD System

Based on the above discussion, a finite element model with TMD is developed, as shown in
Figure 7. The zero-length link element with the designed parameters in Table 1 is used to simulate
the TMD. The link element has two nodes in which the first point is connected to the top plate of the
electrical cabinet and the second point is used to assign the mass of TMD. Additionally, the first point
is considered to be free for the rotational axis. The first point of the link element is placed at the center
of the top plate of the cabinet.
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3. Ground Motion Selection

The characteristics of any ground motions are expressed by some significant engineering factors
such as amplitude (i.e., peak ground acceleration, PGA), predominant frequency or duration, etc.
In the case of PGA, it just reflects the peak value of acceleration data, and it is difficult to state that an
earthquake with greater PGA value has more effects than the lower ones. Besides that, predominant
frequency is a crucial factor, which can be used for assessing the dynamic characteristics [57], especially
for the performance of the frequency-sensitive electrical components in the electric cabinet.

According to Gupta et al. [15], the high-frequency ground motions can amplify the structural
response of a dominant high-frequency structure as the cabinet. Thus, the frequency content of the
earthquake is considered in this study. Eighty records of ground motion are chosen from the Pacific
Earthquake Engineering Research (PEER) center and historical earthquakes in Korea. These data are
classified into two groups based on the different frequency contents, including 40 records are in the
high-frequency, and the rest 40 records are in the low-frequency group. All data are scaled to a given
value of PGA (0.5 g) and used as the input ground motion for the numeric model.

The response spectrum can be used to identify the frequency content type of seismic excitation.
In this study, the predominant frequency of a ground motion can be estimated by evaluating the
predominant period. This is the period at which the maximum spectral response is observed.
The threshold value of 10 Hz is used to distinguish the low- and high-frequency motions. In other
words, if the dominant frequency of an earthquake is approximately smaller than 10 Hz, it is considered
as low-frequency excitation. In contrast, it is considered a high-frequency motion. Response spectra of
two groups of earthquakes corresponding to high- and low-frequency are shown in Figure 8.

4. Results and Discussions

All of the earthquake records are applied to the horizontal direction of the numeric model as the
input excitations. The performance of the structure is obtained via time history analyses. According
to the Nuclear Regulatory Commission [25], the guideline for developing the probabilistic fragility
levels of electrical devices (power supply, panel board, switchboard, etc.) in NPPs, the acceleration
response is utilized as damage measurement because of its practical aspect. Therefore, in this study,
the acceleration response at the cabinet’s top is chosen as the crucial seismic response.
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4.1. Comparison of Uncontrolled and Controlled Responses

Figure 9a, Figure 10a illustrate the time history of the acceleration responses of the cabinet
subjected to two specific records, which characterized for high-frequency (Pohang) and low-frequency
(Impevall) earthquakes. As seen in these figures, the significant reductions in acceleration response
can be achieved with a TMD system. Thus, the stability of the electric cabinet can be improved to
protect the installed electrical devices. Moreover, the elastic response spectrum analysis of 5% viscous
damping is also performed, as illustrated in Figure 9b, Figure 10b. The maximum acceleration in the
cases of using TMD can be decreased by up to 30% compared with those from the without TMD case.
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4.2. Effect of Frequency Contents on the Seismic Responses

To clarify the effects of the frequency contents on the seismic responses of the electric cabinet,
a comparison between the responses obtained under the two ground motion groups is illustrated in
Figure 11. The scatter points in each subfigure are the maximum acceleration values of the structural
response in both cases with and without TMD. The horizontal lines are the mean values of each case.
As can be seen from these figures, the mean value of the maximum acceleration in both cases of high-
and low-frequency ground motions indicates that TMD is an effective device to significantly mitigate
the acceleration response of the cabinet by absorbing undesirable dynamic excitation.

Another finding can be explained through the acceleration amplification factor (AAF) that is
defined as the ratio of mean acceleration response at the top of the cabinet (Acabinet), and the PGA of
input excitation (Aexcitaion,0.5) that is equal to 0.5 g. The AAF is calculated as follows:

AAF = Acabinet/Aexcitaion,0.5 (7)

The comparative results of AAF are tabulated in Table 2. In the case of without TMD, the AFF
value of HF earthquakes is 3.84 that greater than three times compared to the LF group. When
TMD is considered, a reduction of around 50% compared to without TMD system is found for
both HF and LF earthquakes, corresponding to the AFF values of 2.07 and 0.74, respectively. It is
found that the structural response of the cabinet depends strongly on the variation of the earthquake
frequency contents.
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Table 2. AFF of the cabinet for different cases.

Case wo TMD w TMD

HF LF HF LF

AFF 3.84 1.36 2.07 0.74

In addition, the spectral acceleration of the electric cabinet according to the numeric model with
and without TMD in Figures 12 and 13. From these figures, it can be seen that the models with
TMD have lower spectral acceleration responses compared to those models without the TMD system.
Moreover, the trends of spectral acceleration of LF earthquakes in both cases with and without TMD
are the same with the acceleration responses in Figure 11, with a smaller response compared to the HF
group. This leads to the conclusion that the HF earthquakes amplify the structural response of the
cabinet structure significantly.
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4.3. Fragility Analysis

Fragility analysis is used widely for assessing the seismic performance of structures. Several
theories can be used to carry out the fragility analysis and one of them is incremental dynamic
analysis (IDA), which involves numerous structural analyses corresponding to different ground motion
records [58]. Each recorded earthquake is scaled into various intensity levels as long as the whole
range from elastic to collapse of the structure can be covered.

This section describes the probability of failure of the structure based on its damage state, which
is characterized by an engineering demand factor and intensity measure. There are several types of
intensity measures such as PGA, PGV, etc., which can be used to estimate the probability of failure of a
structure via fragility curves [11,13,19,21,59]. In this research, PGA is used as a good indicator for time
history analysis [60,61]. As reported by the Nuclear Regulatory Commission [25], the electrical cabinet
contains many electrical devices. Thus, the acceleration response at the top of the cabinet is considered
as the limit state (LS) to develop fragility curves in this study. The LS value is defined when the zero
period acceleration (ZPA) at 2% damping comes to 1.8 g.

The fragility function is defined by a lognormal cumulative distribution function as [62]:

P(C|IM = x) = Φ

 ln
(

x
θ

)
β

 (8)

where P(C|IM = x) is the probability that a ground motion with IM = x will cause the collapse of the
structure; θ is the mean value of the fragility curve, corresponding to the IM level with 50% probability
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of exceedance and β is the standard deviation of ln IM. These parameters are defined by Equations (8)
and (9) [62].

lnθ =
1
n

n∑
i=i

ln IMi (9)

β =

√√
1

n− 1

n∑
i=1

(ln(IMi/θ))
2 (10)

4.3.1. Effects of the Vibration Control System on the Seismic Vulnerability of the Cabinet

Figure 14 shows a comparison of fragility curves for the electric cabinet when subjected to various
ground motion groups. For each subfigure, the probability of the exceedance of the electrical cabinet
installed with and without a TMD system is plotted. The mean (θ) and the standard deviation (β) are
determined from the Equations (8) and (9) and summarized in Table 3.

From figure, it can be seen that the structural model without TMD would be more vulnerable
than that model with the TMD system. The differences between the fragility curves are explained due
to the differences in the acceleration responses of the structure. It is worth mentioning that due to the
placement of the TMD at the top of the cabinet, the top response has reduced significantly.

Appl. Sci. 2020, 10, 4850 12 of 16 

 

intensity measures such as PGA, PGV, etc., which can be used to estimate the probability of failure 

of a structure via fragility curves [11,13,19,21,59]. In this research, PGA is used as a good indicator 

for time history analysis [60,61]. As reported by the Nuclear Regulatory Commission [25], the 

electrical cabinet contains many electrical devices. Thus, the acceleration response at the top of the 

cabinet is considered as the limit state (LS) to develop fragility curves in this study. The LS value is 

defined when the zero period acceleration (ZPA) at 2% damping comes to 1.8 g. 

The fragility function is defined by a lognormal cumulative distribution function as [62]: 

𝑃(𝐶|𝐼𝑀 = 𝑥) = Φ [
ln (

𝑥
𝜃)

𝛽
] (8) 

where 𝑃(𝐶|𝐼𝑀 = 𝑥) is the probability that a ground motion with 𝐼𝑀 = 𝑥 will cause the collapse of 

the structure; 𝜃 is the mean value of the fragility curve, corresponding to the 𝐼𝑀 level with 50% 

probability of exceedance and 𝛽 is the standard deviation of ln 𝐼𝑀. These parameters are defined by 

Equations (8) and (9) [62]. 

ln𝜃 =
1

𝑛
∑ ln 𝐼𝑀𝑖

𝑛

𝑖=𝑖

 (9) 

𝛽 = √
1

𝑛 − 1
∑(ln(𝐼𝑀𝑖/𝜃))2

𝑛

𝑖=1

 (10) 

4.3.1. Effects of the Vibration Control System on the Seismic Vulnerability of the Cabinet 

Figure 14 shows a comparison of fragility curves for the electric cabinet when subjected to 

various ground motion groups. For each subfigure, the probability of the exceedance of the electrical 

cabinet installed with and without a TMD system is plotted. The mean (𝜃)  and the standard 

deviation (𝛽) are determined from the Equations (8) and (9) and summarized in Table 3. 

From figure, it can be seen that the structural model without TMD would be more vulnerable 

than that model with the TMD system. The differences between the fragility curves are explained due 

to the differences in the acceleration responses of the structure. It is worth mentioning that due to the 

placement of the TMD at the top of the cabinet, the top response has reduced significantly. 

  

(a) (b) 

Figure 14. Probability of exceedance of the acceleration responses of the cabinet from the collapse 

threshold: (a) HF; (b) LF earthquakes. 

  

Figure 14. Probability of exceedance of the acceleration responses of the cabinet from the collapse
threshold: (a) HF; (b) LF earthquakes.

Table 3. Parameters of fragility functions.

θ β

HF LF HF LF

Wo 0.521 1.699 0.500 0.746

W 0.932 2.833 0.403 0.592

4.3.2. Effects of Frequency Contents on the Seismic Vulnerability of the Cabinet

Figure 15 compares the probability of the exceedance of the acceleration response of the cabinet
from the defined damage threshold while subjected to the HF and LF earthquakes. In the case of
without TMD, the median acceleration value for HF and LF groups are 0.521 g and 1.699 g, respectively
(Table 3). Whereas for the model equipped with TMD, there is a dramatic change in the fragility
curves, corresponding to values of 0.932 g and 2.833 g for HF and LF data, respectively. This leads
to the conclusion that the structural model under HF motions would be more vulnerable. This can
be attributed to the reason that the high-frequency pulses of the ground motions can amplify the
structural response of high-frequency structures such as the electrical cabinet.



Appl. Sci. 2020, 10, 4850 13 of 16

Appl. Sci. 2020, 10, 4850 13 of 16 

 

Table 3. Parameters of fragility functions. 

 
𝜃 𝛽 

HF LF HF LF 

Wo 0.521 1.699 0.500 0.746 

W 0.932 2.833 0.403 0.592 

4.3.2. Effects of Frequency Contents on the Seismic Vulnerability of the Cabinet 

Figure 15 compares the probability of the exceedance of the acceleration response of the cabinet 

from the defined damage threshold while subjected to the HF and LF earthquakes. In the case of 

without TMD, the median acceleration value for HF and LF groups are 0.521 g and 1.699 g, 

respectively (Table 3). Whereas for the model equipped with TMD, there is a dramatic change in the 

fragility curves, corresponding to values of 0.932 g and 2.833 g for HF and LF data, respectively. This 

leads to the conclusion that the structural model under HF motions would be more vulnerable. This 

can be attributed to the reason that the high-frequency pulses of the ground motions can amplify the 

structural response of high-frequency structures such as the electrical cabinet. 

  

(a) (b) 

Figure 15. Probability of exceedance of the acceleration responses of the cabinet from the collapse 

threshold: (a) without TMD; (b) with TMD. 

5. Conclusions 

Collapse fragility of an electric cabinet in nuclear power plants with a tuned mass damper (TMD) 

under earthquake excitation is presented in this work. For this aim, the finite element model is 

developed and verified with the experimental test. The dynamic characteristics (such as natural 

frequencies and mode shapes) from the FEM are used to identify the damper. The time history 

analyses are carried out to determine the seismic performance of the equipment subjected to two 

specific records, which characterized for high-frequency and low-frequency ground motions. Finally, 

the fragility curves are developed to estimate the probabilistic failure of the structure. 

Two numeric models with and without a TMD system are considered to demonstrate the 

effectiveness of the vibration control system on the seismic performance of an electrical cabinet. The 

obtained results indicate that: (1) The TMD is an effective device to reduce the seismic response of 

the cabinet structure. This aspect is meaningful in controlling the structural response to protect the 

installed inside electrical devices; (2) More than 30% of the reduction of the response is found for the 

case with an installed control system. 

Two comparative earthquake groups with high- and low-frequency contents are used to 

investigate their influences on the response of the high-frequency electrical cabinet. From the 

observed results, it can be concluded that: (1) The structural response of the cabinet depends strongly 

on the frequency contents of the seismic input. More vulnerability is found for the high-frequency 

Figure 15. Probability of exceedance of the acceleration responses of the cabinet from the collapse
threshold: (a) without TMD; (b) with TMD.

5. Conclusions

Collapse fragility of an electric cabinet in nuclear power plants with a tuned mass damper (TMD)
under earthquake excitation is presented in this work. For this aim, the finite element model is
developed and verified with the experimental test. The dynamic characteristics (such as natural
frequencies and mode shapes) from the FEM are used to identify the damper. The time history analyses
are carried out to determine the seismic performance of the equipment subjected to two specific records,
which characterized for high-frequency and low-frequency ground motions. Finally, the fragility
curves are developed to estimate the probabilistic failure of the structure.

Two numeric models with and without a TMD system are considered to demonstrate the
effectiveness of the vibration control system on the seismic performance of an electrical cabinet.
The obtained results indicate that: (1) The TMD is an effective device to reduce the seismic response of
the cabinet structure. This aspect is meaningful in controlling the structural response to protect the
installed inside electrical devices; (2) More than 30% of the reduction of the response is found for the
case with an installed control system.

Two comparative earthquake groups with high- and low-frequency contents are used to investigate
their influences on the response of the high-frequency electrical cabinet. From the observed results, it can
be concluded that: (1) The structural response of the cabinet depends strongly on the frequency contents
of the seismic input. More vulnerability is found for the high-frequency motions; (2) The defined AAF
of the cabinet address that the HF motions are greater approximately three times compared to LF
motions in both cases with and without TMD a TMD system.

In order to evaluate the seismic vulnerability of the cabinet with a TMD subjected to high- and
low-frequency earthquakes, the fragility analysis is developed by performing incremental dynamic
analysis. The results show that the fragility functions under HF and LF motions are quite different,
and it has the same trend for two models with and without a control system. Most vulnerability is
found for the model without TMD system under HF earthquakes.

In the present study, the frequency contents of the seismic input are considered without the
consideration of the resonance effects. Hence, further works should be conducted to consolidate the
influences of the seismic characteristics on the structural response of the cabinet.
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