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Numerical modeling for the safety-related equipment used in a nuclear power plant (i.e., cabinet facil-
ities) plays an essential role in seismic risk assessment. A full finite element model is often time-
consuming for nonlinear time history analysis due to its computational modeling complexity. Thus,
this study aims to generate a simplified model that can capture the nonlinear behavior of the electrical
cabinet. Accordingly, the distributed plasticity approach was utilized to examine the stiffness-
degradation effect caused by the local buckling of the structure. The inherent dynamic characteristics
of the numerical model were validated against the experimental test. The outcomes indicate that the
proposed model can adequately represent the significant behavior of the structure, and it is preferred in
practice to perform the nonlinear analysis of the cabinet.

Further investigations were carried out to evaluate the seismic behavior of the cabinet under the
influence of the constitutive law of material models. Three available models in OpenSees (i.e., linear,
bilinear, and Giuffre-Menegotto-Pinto (GMP) model) were considered to provide an enhanced under-
stating of the seismic responses of the cabinet. It was found that the material nonlinearity, which is the
function of its smoothness, is the most effective parameter for the structural analysis of the cabinet. Also,
it showed that implementing nonlinear models reduces the seismic response of the cabinet considerably
in comparison with the linear model.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Electric cabinets are one of the essential facilities in the nuclear
power plant (NPPs) as it carries relays, switches, etc that are
responsible for power distribution. Damage observations from the
historical earthquakes show that the failures of any electrical units
may lead to a collapse of the equipment [1e3]. Thus, the safety-
related NPP components should be considered carefully [4e10].
One of the important aspects to be considered for these structures
is the seismic evaluation emphasizing the structural vulnerability
[11e16]. Tran et al. [5] performed the collapse risk assessment of an
electrical cabinet in NPPs using a finite element model (FEM)
developed in Sap2000. Later, this FEMwasmodified to consider the
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grouping effect on the seismic vulnerability of cabinet facilities,
which was studied by Salman et al. [9,17].

The main shortcoming of the previous studies is how to reduce
the computational time for the nonlinear time analysis. To over-
come this issue, a framework for developing simple numerical
models of the cabinet is necessary. Cho et al. [6] developed a
simplified model for the nonlinear seismic response for aiding the
seismic qualification (SQ) of this equipment in NPPs. Later, various
numerical models of cabinets were also generated by Hur [2] that
can capture the nonlinear behavior of support boundary conditions.
However, the stiffness-degradation effect for the cabinet's frame
members is not highlighted in the present literature. Thus,
considering this effect in the numerical analysis is required to be
considered explicitly.

The structural configuration of a cabinet consists of plate and
frame members, which are connected via connectors. The frames
are usually hollow or channel sections which are assembled by the
thin-walled section (plates) in such a way that their shear center
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1. Flowchart for development of the numerical model.
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and the sectional centroid are not coinciding with one another. As a
result, they may face buckling or wrap when subjected to dynamic
loadings [18]. To simulate more realistic structural behaviors due to
local buckling, the plasticity approaches have emerged as a
powerful method [19]. The nonlinear behavior of cabinet subjected
to earthquake loads can be characterized by the development of
yielding points at the end of the element, or any location along the
element. Currently, the models used for this purpose include the
Fig. 2. Test specimen and cross-s

Fig. 3. Schematic represe
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concentrated plasticity (CP) model and distributed plasticity (DP)
model. In the former, the plastic hinge will occur at the monitored
points of members. On the other hand, the DP model produced
inelasticity along the frame member [20]. These approaches were
used by many researchers for various structures [20e24]. For
instance, Noh et al. [21] evaluated different parameters for defining
the monotonic and hysteretic response of the infill reinforced
concrete frame. Nguyen and Kim [23] developed a displacement-
based finite element process of plane steel frames considering the
nonlinearity of the connections due to dynamic loadings. Besides,
this approach is applied to model the response of the steel frame
subjected to fire conditions using the user-defined element (UEL)
subroutine in ABAQUS [25].

This research aims to develop a simplifiedmodel (Fig.1) that can
capture the nonlinear response of the cabinet, especially for the
stiffness-degradation effect of framing members. In this regard, the
fiber-based approach with various constitutive models (i.e., linear,
bilinear, and Giuffre-Menegotto-Pinto model) is considered that
can capture the influence of smoothness behavior on the material
response [26,27]. The outlines of the paper are as follows. First, the
experimental tests of the cabinet are performed (Section 2). Next,
modeling with a distributed plasticity approach is proposed for the
cabinet facility through the Open System for Earthquake Engi-
neering Simulation (OpenSees) software package [28] (Section 3).
Afterward, Section 4 is aimed for the validation and verification of
the numerical model. Lastly, the application of a simplified cabinet
ection of the tested cabinet.

ntation of test setup.



Fig. 4. Measured acceleration at sensors.

Fig. 5. Local buckling modes of rectangular hollow and channel sections.
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model is presented to consider the seismic behavior of the cabinet
under different constitutive material models (Section 5).

2. Modal testing

The modal testing of the cabinet facility is first performed,
aiming to determine the dynamic characteristics of the structure
(i.e., natural frequencies, mode shapes, and damping ratios). To
achieve this aim, the impact hammer test was conducted. The de-
scriptions of the prototype and its results are described in the
following subsections.

2.1. General description of the test structure

The electrical cabinet used in the test is a prototype provided by
INNOSE Tech Company, as shown in Fig. 2a [5]. The height, width,
and depth of cabinet are 2100 mm, 800 mm, and 800 mm,
respectively, and the total weight of the cabinet is about 290 kg. The
main components of the test specimen are main-frames, sub-
3

frames, and steel plates. Main-frames are built up with the rect-
angular steel section, while the sub-frames are built up with L- and
C-shape sections (Fig. 2b). The structural frames are covered by the
steel panels (having a thickness of 2.3 mm) at the top and all four
sides to form a box. All panels are attached to the frames with
screws. The cabinet has two doors, and the door's weight is around
44 kg for each one. These doors are locked at one edge and hinged
at the opposite edge. The material of the test prototype is charac-
terized by the elastic modulus, the density ðrÞ, and Poisson's ratio
ðnÞ of 200 GPa, 7850 kg/m3, and 0.3, respectively. The specimen is
anchored in to channels through eight M14x80 bolts, while the
channels are attached to the rigid system on a shaking table test.

The vibration test was conducted using the impact hammer and
three accelerometers mounted in the cabinet's panel. The overall
schematic of the experimental test is presented in Fig. 3. The tests
are performed with both front-to-back and side-to-side directions
of the cabinet. In the experiment, the input force was applied at the
top of the cabinet (Fig. 3a). While the accelerometers were installed
on the cabinet's panel, and their positions are displayed schemat-
ically in Fig. 3b. During the tests, the free vibration responses of the
cabinet were recorded, and they are analyzed to determine the
dynamic characteristics of the cabinet.
2.2. Experimental results

The acceleration responses due to the impact force of the cabi-
net at the specified locations are displayed in Fig. 4 (left column).
The outputs are then transformed into frequency response function
(FRF), as showed in right column in Fig. 4. To further investigate the
seismic response of the cabinet, the modal parameters are
required; therefore, the modal analysis was performed to obtain its
dynamic characteristics. The modal analysis methods are classified
into two categories, including Experimental Modal Analysis (EMA)
and Operational Modal Analysis (OMA). In this research, the fre-
quency domain decomposition (FDD) method [29] that known as a



Fig. 6. Plasticity models for elements [32].

Fig. 7. Element formulation.
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non-parametric OMA method, was employed to determine the
modal parameters of the cabinet. The method can extract the
natural frequencies and mode shapes by taking the peak singular
values and vectors from the singular value decomposition (SVD).
Step-by-step of the method and the dynamic characteristics of the
cabinet are explained in Section 4.1.
3. Development of simplified finite element model for
electrical cabinet

This section aims to develop a simplified finite element model
for the cabinet. This is essential since it can efficiently reduce
computational time for the nonlinear time history analysis. First,
the characteristics of the prototype are introduced, followed by the
approaches for simulation of the nonlinear behavior of the cabinet.
Lastly, the numerical modeling of the cabinet is developed. The
proposed model is constructed without plate enclosures, that
called the bare-frame model.
3.1. Characteristics of the prototype

Framing members, steel plates, connections between framing
members and plate/framing members are the main components of
4

a cabinet. The enclosure steel panels are connected to the framing
members via screw fasteners, while the framing members are
usually connected together by weld/bolt fasteners. The frame
members of the cabinet work in the sameway as the steel frames of
a structure. Under seismic loadings, they may fail due to the
following reasons: (1) the failure of connections at the base of the
unit, or the connections between plates with frame members, (2)
the buckling of the plates, or (3) the buckling of the frame
members.

It is noted that the frame members of the cabinet are generally
assembled by the I-section, channel, and angle sections (called
open sections), or rectangular and circular tubes (called closed
sections). Their cross-sections consist of an assembly of thin-walled
plates; thus, the local buckling of these elements may occur (Fig. 5).
The local buckling is the failure of cross-section under the
compression/shear stresses. This phenomenon may take place
before the overall structural failure by yielding, and it is the reason
for the reduction in the load-carrying capacity of the cabinet due to
the decrement of the stiffness and strength of these members.
Consequently, defining thin-walled sections for the frame elements
due to the local buckling in the cabinet becomes a concern.
3.2. Plasticity models

Over the past years, several approaches are used to model the
nonlinear behavior of frame structure due to earthquake loadings.
These methods can be classified into two main categories (Fig. 6):
lumped plasticity and distributed plasticity [19,24]. The lumped
plasticity assumes that the nonlinearity can occur at the end of the
structural element. In this approach, the major parameter is the
plastic hinge length of the element, which depends on the input
parameters, including geometrical and material parameters (i.e.,
compression, tension, the stress-strain curve) [30]. On the other
hand, the distributed plasticity assumes that the nonlinear
behavior can occur at any element cross-section along the element.
The simulation of section nonlinear response behavior can be
described using the fiber modeling approach through constitutive
material laws. This approach requires more computational time
and capacity, and it reflects the real behavior [31].

In order to study the plasticity behavior along the element, two
main elements, namely displacement-based element (DBE) and
force-based element (FBE), are introduced. The procedure for the
element state is described in Fig. 7. The DBE approximates the
displacement fields of the element as a function of nodal dis-
placements. On the other hand, the latter is based on the interpo-
lation functions for the internal forces within the element.



Fig. 8. Stress-strain relationship of different constitutive material models.

Table 1
Mechanical properties of the constitutive material models.

Properties Linear Bilinear GMP

Initial Elastic Modulus, E0 (GPa) 200 200 200
Yield strength, sy (MPa) e 345 345
Strain-hardening ratio, r e 0.03 0.03
R0; cR1; cR2* e e 20, 0.925, 0.15

*parameters of curved transitions.
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3.2.1. Material models
To observe the nonlinear behavior of the cabinet, various ma-

terial constitutive models based on the smoothness effect are
investigated. The J2 plasticity model [26] and the Giuffre-
Menegotto-Pinto (GMP) model [27] are applied in the material
modeling, as shown in Fig. 8. The former is known as a bilinear
model with kinematic hardening,Hkin, and isotropic hardening,Hiso
and described by a nonlinear evolution equation. This model can be
considered as a non-smoothmodel. The latter is adopted to account
for the isotropic strain hardening for the inelastic material. The
stress-strain relationship is described in the form of the curved
transitions, which is started from a straight-line asymptote ðEÞ to
another straight-line asymptote ðbEÞ (Fig. 8), and is expressed as
the following equations:

s*¼ bε* þ ð1� bÞε*
�
1þ ε

*R
�1=R (1)

where R corresponds to an independent parameter which defines
the curvature of the transition, and b is the strain hardening ratio.
The dynamic responses from these models are compared with
those of the elastic material model. Table 1 summarizes the me-
chanical properties of material models (Fig. 8) used for the FEMs.
3.3. Numerical modeling with distributed plasticity approach

In order to evaluate the dynamic behavior of the cabinet, the
FEM with all structural elements (i.e., frame and plate members)
should be modeled. However, this model is time-consuming for
nonlinear time history analysis. As a result, a simplification of the
numerical modeling that can capture the possible nonlinear
behavior is recommended. Herein, the proposed model was con-
structed without plates, which is called the bare-frame model. This
approach can be used due to the following reasons:
5

� The side panels are connected with the main-frames by welded
or screwed connections. Thus, the frame controls the displace-
ment of the cabinet, and the failure of frame members leads to
the failure of the plates.

� This model extends in understanding the global behaviors due
to the frame of the cabinet.

According to the previous discussions, during a dynamic load,
the local buckling of the member may occur due to the stiffness-
reducing effect. To capture this issue, the proposed distributed
plasticity model was proposed. This method has the capacity to
capture the nonlinear behavior at any element cross-section along
the element. This approach was applied for the following reasons:

� The frame members of the cabinet can be the open or closed
sections. The shear center of these members may not coincide
with the sectional centroid. As a result, local buckling can occur.

� Thin-walled sections are prone to local buckling, as the
compressive strength of members depends on their width-to-
thickness ratios.

Based on the above interpretation, the numerical model was
developed and implemented in OpenSees using the fiber-based
plasticity approach. This approach allows the spread of the
nonlinear behavior by requiring a number of integration points
corresponding to the cross-section along the member length. The
model requires the discretization of the element into fibers, as
shown in Fig. 9. Five integration points divide elements into sub-
elements. The nonlinear characteristic of the cross-section was
considered by defining a relationship of stress-strain of each fiber
on the cross-section of sub-element (i.e., steel01, steel02).

3.4. Limitation

The simplified model provides a significant reduction in struc-
tural complexity, and it is useful for the nonlinear analysis required
time-consuming. However, there are several limitations as follows:

� The effect of local modes is not considered.
� The accuracy of the above models depends on the assumptions
for idealization.

4. Verification and validation

The effectiveness and accuracy of the proposed model was
recorded against the impact hammer test. Since the force pulse in
impact hammer test is very short relative to the length of the time
record, and the force amplitude is small, the effect of the smooth-
ness of material may not occur. Thus, to highlight the effect of
material models on the nonlinearity, two numerical models were
developed. The first approach, called linear model, with elastic
behavior was employed for each element, as shown schematically
in Fig. 10a. The second approach is the nonlinear model, used the
distributed plasticity (Section 3.2). In this model, the nonlinearity
was considered by tracing the stress-strain curve for each fiber on
the cross-section, as shown in Fig. 10b.

In order to validate the proposed models, the dynamic charac-
teristics (i.e., dominant frequencies and mode shapes) and accel-
eration responses from the impact hammer test and numerical
models were compared.

4.1. Dynamic characteristics of cabinet

As mentioned in Section 2.2, the natural frequencies of the
electrical cabinet are determined using the frequency domain



Fig. 9. Frame modeling using the distributed plasticity elements.

Fig. 10. Two approached numerical models.

Fig. 11. Single value spectrum between experimental and numerical results.
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decomposition method [29]. The FDD is an important tool in
operational modal analysis, and it can determine the dominant
modes by singular value decomposition. This technique involves
the main steps which are briefly described below:

� Compute Power Spectral Density (PSD) matrix GyyðjwÞ from the
time series data as follows:

GyyðjwÞ¼HðjwÞGxxðjwÞHðjwÞT (2)

where matrix GyyðjwÞ with a size ðm�mÞ is PSD of system re-
sponses, m is number of output signals; matrix GxxðjwÞ with a size
ðr�rÞ is PSD of input signals, r number of input signals; HðjwÞ with
a size ðm�rÞ is Frequency Response Function (FRF) of the system.

� Perform singular value decomposition of the spectral density
matrices.

GyyðwiÞ¼UiSiU
H
i (3)

where Ui is a unitary matrix including singular vectors uij; Si is a
diagonal matrix including the scalar singular values si.
6

� If multiple test setups are available, then average for all test
setups are taken.

� Pick peak on the singular values to estimate the natural
frequency.

Based on the FDD technique, the comparison of the graph log
magnitude using the SVD is plotted against frequencies, as shown
in Fig. 11. The fundamental natural frequencies of the electrical
cabinet can be obtained from the peaks of the graph, for the nu-
merical results and the experimental test. The natural frequencies
estimated corresponding to the peaks are tabulated in Table 2. Both
experimental tests and numerical results are found in good
agreements. Compared to the experimental results, the maximum
differences recorded in natural frequencies are 8.64% and 2.86% for
linear and nonlinear approaches, respectively.

It is essential to note that the actual cabinet generatedwith plate
and frame members has more peaks compared to the bare-frame
model (without plate enclosures) (Fig. 11). This happens because
the bare-frame model has a negligible effect due to plates, so only
the overall global modes of the cabinet are considered. However,
the actual cabinet was generatedwith the plate and frame elements
that can capture the local modes of steel panels [2,3]. Due to the
complexity of the cabinet's configuration, the higher modes effect
due to the plates is less significant in the bare-frame model
therefore a difference in the higher mode occurs. Although the



Table 2
Comparison of natural frequencies (Hz) andmode shapes obtained from experiment
and numerical model.

Mode Natural frequencies (Hz) Mode shape

Exp. Linear Nonlinear MAC(L) MAC(NL)

1 25.88 25.38 25.63 0.9952 0.9952
2 55.00 59.75 56.13 0.9285 0.9285
3 63.88 64.00 64.88 0.9838 0.9842
4 78.63 76.25 76.38 0.9774 0.9776

Fig. 12. Comparison of global mode shapes between experimental and numerical
results.
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general trends of mode shapes can be considered.
The comparison of mode shapes from the experimental and

numerical results are displayed in Fig. 12 for dominant frequencies.
Only the first mode, which represents the dominant vibration of
the cabinet structure, is presented. The results exhibit that the
numerical modal vectors (second row) are the same with those
from the experimental test (first row). Note that themode shapes in
two approaches (linear and nonlinear) are almost the same. In or-
der to have a fair comparison between linear and nonlinear ap-
proaches, the Modal Assurance Criterion (MAC) matrix is used.

The MAC is calculated as the normalized scalar product of the
two vectors. The MAC between the experimental mode shape, Fe

and numerical mode shape, Fn is defined as:
Fig. 13. MAC matrix between exper
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MACj ¼
���Fej

�T�Fnj
���2

��
Fej

�T�Fej
����

Fnj
�T�Fnj

�� (4)

The MAC value is bound between 0.0 and 1.0. A value of one
indicates that the mode shapes are identical, whereas the value
close to zero denotes that the mode shapes are not identical. The
correlation between mode shapes of experimental and numerical
models is plotted in Fig. 13. As shown, along the diagonal, all mode
pairs are identical with theMAC values of over 92% (Table 2) for two
cases. While off diagonal, MAC values are lower. Based on the ob-
tained results, the proposed models with various approaches were
validated with the experimental test in predicting the dynamic
characteristics. However, more agreement is found in the nonlinear
approach based on the comparison in Table 2.
4.2. Acceleration response

The acceleration responses obtained from the experimental and
numerical results under impact hammer force are presented in this
section. Fig. 14 compares the time histories and the response
spectra from the measured and predicted acceleration responses at
the different locations of the cabinet. In general, under impact
hammer force response is not effective to distinguish different
approaches linear and nonlinear of the test structure. This is due to
the low intensity of the impact hammer force. As usually the
nonlinear effect in a structure occurs at a high level of excitation. A
detailed description for the nonlinear analysis is presented in
Section 5.

Additionally, the outcomes from predicted results follow the
acceleration responses from experimental results. The differences
between experimental and numerical models may happen due to
the possible reasons that includes the exact location of the sensor
on the prototype and the response location from a numerical may
vary. Also, in the simplified model, the response locations are
different on the frame; however, the sensors are installed on the
panels. Lastly, the bare-frame model may cause some prediction
errors because of some assumptions for idealization.

Based on the obtained results from the vibration test, the pro-
posed models can represent the test specimen and can be used to
further investigate the influence of the smoothness of constitutive
material models.
5. Nonlinear seismic response of the cabinet facility

The effectiveness and accuracy of the numerical model for the
cabinet facility are examined in the previous sections. This section
aims to perform the nonlinear time history analysis of the cabinet
imental and numerical models.



Fig. 14. Comparison of acceleration histories and spectral acceleration response at different locations between experimental and numerical results.
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Fig. 15. (a) Design code and simulated response spectrum, and (b) artificial acceleration time history.

Fig. 16. Top responses of cabinet: a) acceleration, b) displacement.
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considering the influence of constitutive material models.
Comparative evaluations of acceleration, displacement responses,
and the stress-strain curves are presented.
9

5.1. Input ground motion

Different types of ground motions (i.e., artificial, real ground
motion) can be used to evaluate the seismic response of cabinets.
For sensitive non-structural components, the input loadings are
recommended to satisfy the seismic qualification standards [33,34].
In this study, the IEEE 693 is used to generate the artificial accel-
eration time history. In IEEE 693, the electrical equipment is eval-
uated for various Required Response Spectrum (RRS) levels (i.e.,
high, moderate, and low). Based on the RRS, an artificial earthquake
is generated using the SIMQKE software [35].

A report of the characteristic of selected ground motion is
illustrated in Fig. 15. The ground motion is generated to meet with
the high level of IEEE 693 requirement corresponding 0.5g peak
ground acceleration (PGA), as shown in Fig. 15b. The comparison
between the response spectra of the artificial earthquake and RRS
are displayed in Fig. 15a.
5.2. Influence of constitutive material models on the seismic
response

The effects of constitutive material models on the nonlinear
responses of the cabinet are given in this section. The time history
analyses have been imposed for three material models mentioned
in Section 3.3, including two nonlinear models (i.e., bilinear and
GMP models) and the linear model. Here, it should be noted that
cabinets are sensitive equipment that physical damage to the frame
will occur with a high magnitude of acceleration; thus, the input
ground motion is scaled to 5.0g. The comparison of acceleration,
displacement responses of the cabinet is given in Fig. 16.

The variation of top acceleration and displacement responses
with the different material models are displayed in Fig. 16. During
the earthquake, the responses of nonlinear models are smaller in
comparison to the linear case. Specifically, the reduction percent-
ages of the bilinear and GMP are 19.31% and 28.44% for acceleration
responses, respectively and the corresponding values are 6.55% and
16.90% for displacement response. These differences are explained
due to the softening behavior in nonlinear analyses that are
described as follows: in the plasticity approach, each fiber is rep-
resented by its material, and fiber failure states depend on the fiber
location as illustrated in Fig. 17 [18].

This phenomenon is also presented in Fig. 18, which shows the
maximum acceleration and displacement along the height of the
cabinet. As shown, the higher location of the cabinet leads to a
higher response. Notably, the responses from nonlinear cases are
larger than the linear case at the bottom of the cabinet. This causes
the failure modes due to the yielding of the cross-section, which is
explained in detail in Fig. 19b.

Furthermore, the results for two nonlinear models show that
the smoothness of the steel model has a considerable contribution
to the reduction of the nonlinear response. Compared to the



Fig. 17. Illustration of fiber states.

Fig. 18. Maximum responses of cabinet: a) acceleration, b) displacement.
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bilinear model, the maximum reductions of the GMP model are
16.34% and 12.36% for acceleration and displacement responses,
respectively. This happens due to the characteristic of various
material models. The bilinear model is known as a non-smooth
plasticity model that shows the discontinuities in the responses
when the material comes to the plastic region. In contrast, the GMP
model can account for the isotropic strain hardening effects, and it
has a good agreement that reflects the real behavior of the
structure.

The influence of smoothness in the constitutive law of material
model on the overall cabinet response is explained in Fig. 19. In
Fig. 19a, the normalized spectral accelerations of the cabinet are
illustrated to consider the differences between linear and nonlinear
models in the frequency domain. The results indicate that the
higher location procedures a higher amplitude in response. Addi-
tionally, there is a shift in frequencies between linear and nonlinear
approaches. The shift in the frequency is due to the flexibility of the
cabinet structure with material consideration. In Fig. 19b, the
stress-strain curves (i.e., hysteresis) of two nonlinear material
models are compared at different locations of the cabinet. It is
obvious that the yield location occurs at the bottom of the cabinet.
At the top of cabinet, consideration of the nonlinearity is insignif-
icant even though the responses are higher at the top. The different
responses in the material model are clearly shown at the cabinet
bottom in Fig. 19b. As seen, for the GMP model, the transition point
from elastic to plastic is continuous through a curve that can
simulate the accuracy of the real behavior of steel material [36].

6. Conclusions

The development of reliable numerical modeling is significant
for structural analysis of the cabinet. The complexity of the analysis
10
model depends upon the required analysis. A full finite element
model is often time-consuming and expensive for nonlinear time
history analysis. As a result, this study aims to develop a simplified
numerical model that can achieve an important reduction in the
modeling complexity. The proposed model is a cabinet without
covering of steel panels, called the bare-frame model. Regarding
the nonlinear behavior, the distributed plasticity approach is uti-
lized to account for the stiffness-degradation effect. The simplified
model is verified and validated with the outcomes from the
experimental results. The main findings can be drawn as follows:

� The outcomes obtained from the proposed model show good
agreement with the test results. The maximum difference in
natural frequencies from the simplified model is 8.64% in com-
parison with experimental results.

� The simplified model provides the initial understanding for the
dynamic behavior of a complex cabinet and it is preferred in
practice to depict the global behavior of the cabinet.

Further studies on the effects of the constitutive material
models on the nonlinear response of the cabinet are also observed.
Three material models (i.e., linear, bilinear, and Giuffre-Menegotto-
Pinto (GMP) model) based on the smoothness effect are considered
to provide an enhanced understanding of the structural behavior of
the cabinet during the earthquakes. The following conclusions can
be drawn:

� Implementing nonlinear models reduces the seismic response
of the cabinet considerably. Compared to the linear case, the
corresponding reductions of the bilinear and GMP are 19.31%
and 28.44%, respectively, for acceleration responses, whereas
these values are 6.55% and 16.90% for displacement responses.



Fig. 19. (a) Normalized spectral acceleration and (b) hysteresis stress-strain curves of cabinet.
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� The GMP constitutive model can accurately predict the re-
sponses of the cabinet due to the smoothness of the material
model that can reflect the real behavior of a structure. The
finding emphasizes that for a more accurate seismic evaluation
of the cabinet, the nonlinear behavior of material should be
employed.
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