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Abstract: This study presents an experimental seismic investigation of a 1000 kVA cast resin-type
hybrid mold transformer through tri-axial shaking table tests. The input acceleration time histories
were generated in accordance with the specifications recommended by the International Code Council
Evaluation Services Acceptance Criteria ICC-ES AC156 code, with scaling factors in the range of
25–300%. The damage and the dynamic characteristics of the mold transformer were evaluated in
terms of the fundamental frequency, damping ratio, acceleration time history responses, dynamic
amplification factors, and relative displacement. The shaking table test results showed that the
damage of the mold transformer was mainly governed by the severe slippage of the spacers and
the loosening of the linked bolts between the bottom beam and the bed beam. In addition, the
maximum relative displacement at the top beam in Y and Z-directions exceeded the boundary limit
recommended by the Korean National Radio Research Agency. Moreover, the operational test of the
specimen was performed based on the IEC 60076-11 Standard before and after the shaking table test
series to ensure the operational capacity of the transformer.

Keywords: earthquake/seismic forces; seismic damage; mold transformer; shaking table test;
non-structural elements; dynamic characteristics

1. Introduction

Non-structural elements that are attached to or supported by structural components play various
functions and services in maintaining operation in existing buildings, and to support human activities.
According to the complete classification specified in Federal Emergency Management Agency (FEMA)
FEMA-74 [1], non-structural elements can be classified into three main categories of architectural
components, mechanical and electrical components, and building furnishings and contents. In the
building construction, the non-structural elements account for a high percentage of 82–92% of the
total economic investment, while structural components account for the remaining 18–8% [2]. Thus,
it is obvious that in several vital types of buildings, such as hospitals, high-tech laboratories, power
stations, etc., the loss of non-structural elements due to natural disasters could lead to huge replacement
costs [3].

During the past few decades, strong earthquake ground motions have caused severe physical,
as well as functional, damage to non-structural elements, especially to electrical components, which
have led to major operational failures and economic loss of electrical power systems in buildings and
special facilities. Depending on the dynamic characteristics, electrical components can be exposed to
high-frequency acceleration arising from resonance effects, which result in the loosening of anchor
bolts or connecting fasteners, and damage to enclosed plates and frames [4]. For example, the 1994
Northridge earthquake in Los Angeles caused severe damage to crucial non-structural equipment in a
major local hospital, such as the emergency power systems, control systems of medical equipment,
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and water supply piping systems [5]. The 1985 Mexico Earthquake with magnitude 8 and the 2010
Haiti Earthquake with magnitude 7 caused entire failure to unanchored and anchored cabinets in
vital facilities [1]. Recently, in South Korea, the 2016 Gyeongju and 2017 Pohang earthquakes caused
significant deterioration of non-structural electrical elements within crucial public buildings, such as
hospitals, Korea train express (KTX) railway stations, high schools, broadcasting stations, and shopping
malls [6]. Thus, nowadays, the investigation of the seismic behavior of non-structural elements is
recognized as a key topic in the framework of earthquake risk mitigation.

So far, several research studies have been conducted to evaluate the performance of non-structural
elements attached to structural components, subjected to earthquake load. Di Sarno et al. [4]
experimentally evaluated the seismic performance of hospital building equipment via unidirectional
and bidirectional shaking table testing, considering the presence of internal partitions and cabinet
contents. The main purpose of the study was to investigate the correlation between the dynamic
response of sample cabinets, and the peak floor accelerations and velocities corresponding to the
system limit states, such as overturning and rocking. Based on the test results, fragility curves were
also constructed for the components and contents, considering both acceleration and velocity intensity
measure. In addition, Petrone et al. [7] performed full-scale shaking table tests in both horizontal
directions for the seismic assessment of hollow brick internal partitions. In the study, a steel frame was
used to simulate the seismic action at a generic building story and the specimen boundary conditions.
The test results showed that the specimen exhibited significant damage at a 0.3% interstorey drift, and
extensive damage at a drift close to 1%. In addition, the dynamic characteristics of test specimens were
also investigated in terms of damping ratios and natural frequencies, in order to evaluate the influence
of the hollow brick partitions on the steel test frame. More recently, Fiorino et al. [8] performed dynamic
shaking table tests on prototypes made of indoor partition walls, outdoor facade walls, and suspended
continuous ceilings. Based on the test results, the dynamic characteristics in terms of the fundamental
frequency and damping ratio, and dynamic amplification were assessed and compared between the
non-structural elements with and without anti-seismic solutions. In addition, the seismic response of
the tested prototypes was also evaluated in terms of fragility curves.

Nonetheless, the studies on electrical and mechanical components, such as switchboards or
transformers commonly used in structural buildings for power systems, are still limited [9–13]. Wang
et al. [9] performed a series of quasi-static cyclic loading and shaking table tests to investigate the
behavior of a prototype diesel generator equipped with a restrained vibration isolation system. The
test results indicated that the failure modes of the restrained isolators were severe fatigue damage
of the connection between the vertical restraint rods and top plate, together with the pull-out failure
of the vertical restraint rods. In addition, the incorporation of snubbers into the vibration system
could provide more restrains, which resulted in effectively preventing the restrained isolators from
plastic deformation and severe damage. Hwang et al. [10] performed a seismic fragility analysis
of electrical equipment in a typical electric substation in the eastern United States by using actual
earthquake damage data. The fragility analysis results revealed the expected performance of electrical
equipment in the substation and provided the necessary data for the seismic performance evaluation
of an entire electrical substation for reliability analysis. Moreover, Fathali et al. [12] experimentally
investigated the seismic performance of an isolation system supporting heavy mechanical equipment.
A centrifugal liquid chiller was used as a prototype specimen supported by the American Society of
Heating, Refrigerating and Air Conditioning Engineers (ASHRAE)-type isolation system consisting
of coil springs and rubber snubbers constraining vertical and horizontal displacement. The test
results showed that the isolation system could effectively reduce the response of specimens by energy
dissipation and reduce the amplification of the peak acceleration response at the center of the chiller
mass with an increase of the peak input acceleration. In addition, the influence of parameters such as
the gap size and rubber pad thickness on the seismic performance of the prototype was also analyzed
and discussed in detail.
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In the present study, dynamic shaking table tests were carried out to investigate the seismic
vulnerability of mold transformers, with the aim of expanding the knowledge of the behavior of
mechanical and electrical non-structural components. A 1000 kVA hybrid mold transformer was
selected as the test specimen, with conventional anchoring details connecting it to a concrete slab.
The input acceleration time histories were artificially generated to match the requirements proposed
by the International Code Council Evaluation Services Acceptance Criteria ICC-ES AC156 code [14],
with different scaling factors. Moreover, random input signals were also used for dynamic system
identification, according to FEMA 461 [15]. Based on the test results, the damage stages and dynamic
characteristics of the mold transformer during tri-axial acceleration, simulating earthquake load, were
evaluated and investigated in terms of the fundamental frequency, damping ratio, acceleration time
history responses, and maximum displacement response, as well as dynamic amplification factors.

2. Experimental Program

2.1. Test Specimen

The non-structural electrical component used as a prototype is a hybrid mold transformer that has
the advantages of being a high-efficiency transformer and a power-saving function. Such transformers
are power saving devices that can help save power in buildings by reducing unnecessary power loss.
The hybrid mold transformer used in this study is cast resin-type with the maximum capacity of 1000
kVA and overall dimensions of 2110 mm (height) × 1900 mm (length) × 1030 mm (width). The total
mass of the transformer was 3800 kg, according to the data provided by the manufacturer. Figure 1
and Table 1 present a brief description of the major components of the test specimen, which include
core, frame system (top beam, bottom beam, and bed beam), high-voltage (HV) coils, low-voltage (LV)
coils, and various accessories (lifting lugs, LV and HV terminal, spacer, etc.). Figure 1 shows that the
core was made of cold rolled silicon steel and assembled with the frame system via bolt connections;
the HV and LV coils were cast in epoxy with a mold under vacuum and were not fixed to the core
but were indirectly connected through compressive forces generated from tightened bolts and friction
through the spacers.

Table 1. Detailed specifications of the tested mold transformer.

Power Rating
(kVA)

Impedance
(±10%)

Voltage
Regulation (%)

No-Load
Current (%)

Standard
Efficiency (%)

Dimensions
Operating

Weight (kg)Length
(mm)

Width
(mm)

Height
(mm)

1000 4.99 1.3 2.5 99.4 1900 1030 2110 3800

2.2. Test Setup and Measuring Instruments

Figures 2 and 3 show the experimental setup and measuring instruments. The tri-axial tests
were carried out using a shaking table, as shown in Figure 4. The main characteristics of the shaking
table include: 4.0 m × 4.0 m plan dimensions, six degrees of freedom (SDOF), maximum acceleration
of 1.5, 1.5, and 1.0× g in the X, Y, and Z-directions, respectively, maximum pay load of 300 kN, and
maximum overturning moment of 1200 kNm. The table is capable of reproducing earthquake input
ground motions through a system of eight hydraulic actuators. Table 2 summarizes the specifications
of the shake table. The mold transformer test specimen was anchored to a reinforced concrete slab
via bed beam systems with eight M16 anchor bolts with diameters of 15.88 mm, according to the
manufacturer’s installation manual. The concrete slab was connected to the shaking table via M40
anchor bolts with diameters of 40 mm.
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Figure 1. Configurations and details of test specimen. HV, high-voltage; LV, low-voltage: (a)
Three-dimentional view; (b) Side view; (c) Plan view; (d) Photo of hybrid mold transformer.

Table 2. Detailed specifications of the shaking table used in this test.

Table Size (m ×m) 4.0 × 4.0

Type Fixed
Degrees of freedom 6
Full payload (kN) 300

Overturning moment (kNm) 1200
Acceleration at full payload (× g)

X-axis 1.5

Y-axis 1.5
Z-axis 1.0

Maximum stroke (mm)
X-axis ±300
Y-axis ±200
Z-axis ±150

Operational frequency range (Hz) 0.1–60
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Figure 2. Schematic of test set-up and measurement instrumentation. LVDTs, linear variable 
displacement transducers: RC = reinforced concrete. 
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For measuring instruments, a total of five tri-axial accelerometers were used to record the
acceleration response of the test specimen in three orthogonal directions during the tests. Four were
mounted on the transformer at the top frame, left side, center zone, and the bed frame, while the fifth
was mounted on top of the reinforced concrete (RC) slab (Figures 2 and 3). The accelerometer used in
this test has a maximum capacity of ±200× g. To measure the mold transformer displacement, tape
measure type displacement transducers (TMDTs) and static linear variable displacement transducers
(LVDTs) were employed. As shown in Figures 2 and 3, a total of ten TMDTs were fixed on the steel
frame out of the shaking table and positioned along the X, Y, and Z-directions at the top left and top
right sides of the transformer; and two static LVDTs were positioned along the Z-direction at the bed
beam. Furthermore, a total of six steel strain gauges were attached to the bottom beam and bed beam
around the locations of linked bolts to monitor the variation of strain during shaking table tests, as
shown in Figure 2.

2.3. Input and Testing Protocol

In this study, tri-axial accelerations were generated according to the ICC-ES AC156 code [14]. The
input acceleration-time history was artificially generated to match the required response spectrum
(RRS) specified by the AC156 code for non-structural components that have fundamental frequencies
in the range of 1.3–33.3 Hz. Figure 5 shows that for horizontal RRS, the horizontal spectral acceleration
for flexible components, AFLX-H, and horizontal spectral acceleration for rigid components ARIG-H,
were determined as:

AFLX−H = SDS

(
1 + 2

z
h

)
≤ 1.6SDS, (1)

ARIG−H = 0.4SDS

(
1 + 2

z
h

)
, (2)

SDS =
2
3
· FA · SS, (3)

where SDS is the site-specific ground spectral acceleration factor, defined according to the Korea Building
Code [16], (SDS = 0.498 in this study); z and h are the height of the component’s attachment point to the
structure and the average height of the building roof with respect to the base, respectively; FA is the
site soil coefficient; and SS is the mapped maximum considered earthquake spectral acceleration at
a short period. In the current study, the ratio z/h was equal to 0, with the assumption that the mold
transformer was located at the base of the structure.
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Figure 6. Input acceleration time history in the X and Y-directions for AC156_100. 
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Figure 5. Require response spectrum (AC156 code).

Regarding vertical RRS, the vertical spectral acceleration for flexible components, AFLX-V, and
vertical spectral acceleration for rigid components, ARIG-V, were determined as [14]:

AFLX−V = 0.67AFLX−H, (4)

ARIG−V = 0.27ARIG−H . (5)

Moreover, according to the specifications in ICC-ES AC156 [14] and Eurocode 8 [17], the elastic
acceleration spectrum acquired from the selected artificial acceleration time history shall be in a range
of 90–130% of RRS, and the matching procedure shall be validated for a range of frequency from 1.3 to
33.3 Hz.

Table 3 summarizes the test program in this study. The test nos. 4–7, 11–14, 18, and 19 are the
primary tests. The initial input acceleration time histories in the X, Y, and Z-directions of test no. 7 were
artificially generated based on the AC156 code using Equations (1)–(5) and denoted as AC156_100. In
the test nos. 4–6, 11–14, 18, and 19, the acceleration magnitudes were scaled from AC156_100 using
different scaling factors in the range of 25–300%, corresponding to SDS in the range of 0.12–1.49× g,
and denoted as AC156_25 to AC156_300. Figure 6 shows the acceleration time history in the X and
Y-directions of AC156_100 used in test no. 7, whereas Figure 7 shows the comparison between the
result of the input spectrum of AC156_100 in the X and Y-directions for a damping ratio of 5% and
the AC156 target spectrum, as well as its limited boundaries. As shown in the figure, the AC156_100
input spectrum is in a range with a lower limit of 90% RRS and an upper limit of 130% RRS. Table 3
also summarizes the input peak ground accelerations (PGA) of the primary tests corresponding to the
scaling factors for each test.
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Table 3. Input and test protocol. PGA, peak ground acceleration.

Test no. Test Label Remark Scaling Factor (%) Input PGA (× g)

X-dir Y-dir Z-dir

1–3 Low-amplitude
random test

Dynamic identification test.
Random input signal, 1–50 Hz

4 AC156_25 25 0.08 0.07 0.07
5 AC156_50 50 0.15 0.13 0.14
6 AC156_75 75 0.21 0.17 0.18
7 AC156_100 100 0.28 0.25 0.23

8–10 Low-amplitude
random test

Dynamic identification test.
Random input signal, 1–50 Hz

11 AC156_125 125 0.33 0.30 0.27
12 AC156_150 150 0.42 0.36 0.31
13 AC156_175 175 0.50 0.43 0.39
14 AC156_200 200 0.57 0.50 0.47

15–17 Low-amplitude
random test

Dynamic identification test.
Random input signal, 1–50 Hz

18 AC156_250 250 0.70 0.64 0.58
19 AC156_300 300 0.90 0.79 0.66

20–22 Low-amplitude
random test

Dynamic identification test.
Random input signal, 1–50 Hz
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Figure 7. Comparison between the input spectra of AC156_100 and required response spectrum
(RRS) target.

Along with the primary tests, the intermediate tests (test nos. 1–3, 8–10, 15–17, and 20–22) were
carried out for dynamic identification of the test specimen. Such tests were performed in the X, Y, and
Z-directions by applying low-amplitude random input signals with the frequency domain in the range
of 1–50 Hz, according to FEMA 461 [15]. To be more specific, test nos. 1–3 were carried out before the
AC156_25 (test no. 4) in the X, Y, and Z-direction, respectively; test nos. 8–10 were carried out after
the AC156_100 (test no. 7) in the X, Y, and Z-direction, respectively; test nos. 15–17 were carried out
after the AC156_200 (test no. 14) in the X, Y, and Z-direction, respectively; and test nos. 20–22 were
carried out after the AC156_300 (test no. 19) in the X, Y, and Z-direction, respectively. Note that each
dynamic identification test had the same peak acceleration amplitude of approximately ±0.2× g, but
had different acceleration time history.

3. Test Results and Discussion

3.1. Dynamic Identification

The dynamic properties, including the natural frequencies, f, and damping ratios, ξ, of the
test specimen were investigated in this study. The acceleration responses obtained from dynamic
identification tests were analyzed to identify the dynamic properties of the test specimen in both
the horizontal and vertical directions. The fundamental frequencies were evaluated based on the
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transfer function method in the frequency domain. The transfer function amplitude was determined
as the ratio between the Fourier transformation of the input signals, and the response output signals
collected from accelerometer data installed on the several points of the mold transformer [7,8,11,18].
The sampling frequency of the accelerometer in this study was equal to 512 Hz, and the size of each
data block (window) was set to 5120, corresponding to 10 s. The transfer function amplitude has local
peaks at the natural frequency of the system [18].

Figure 8 illustrates the dynamic identification results and transfer function curves evaluated
from the data recorded at the top beam. To eliminate the noise from the experimental results and
obtain the fitting curves, the estimation algorithm was used to obtain the continuous-time transfer
function model using time-domain data from the input and output signals [19]. From the Fourier
transformation results, the data gathering showed an inefficient trend in the high-frequency domain,
due to the fluctuation. Therefore, to get an effective transfer function model, the frequency domain
was defined as below 30 Hz to filter the input and output data.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 21 

 
Figure 8. Transfer function amplitude versus frequency curves at top beam: (a) Test no.1–3; (b) Test no.8–10; (c) 

Test no.15–17; (d) Test no.20–22. 

Figure 8. Transfer function amplitude versus frequency curves at top beam: (a) Test no.1–3; (b) Test
no.8–10; (c) Test no.15–17; (d) Test no.20–22.



Appl. Sci. 2020, 10, 361 10 of 20

Figure 9 shows the results of the fundamental frequency as a function of the scaling factor at
different locations of the test specimen: the top beam, the left coil, and the center coil. In general, the
initial fundamental frequencies of the mold transformer were almost the same regardless of the location,
and those in the X, Y, and Z-directions were 7.87, 2.52, and 23.12 Hz, respectively. In the Y-direction,
the specimen showed a low natural frequency, which indicated low stiffness in this direction. The
fundamental frequency in the Z-direction was much larger than those in the X and Y-directions. This
was attributed to the contribution of axial stiffness of all anchors in the vertical direction, leading to
the high stiffness of the test specimen. Similar test results and trends were observed in the previous
study by Wang et al. [9], despite the discrepancy in the electrical testing prototype. In Figure 9, since
the damage grew as the input acceleration amplitude increased, the fundamental frequency shows a
decreasing trend; however, the level of frequency decline was not significant.
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Furthermore, after determining the transfer function curves in the frequency domain, the
damping ratios were then calculated at a given resonant of frequency using the half-power bandwidth
method [20–22], as follows:

ξ =
f2 − f1

2 fo
× 100%, (6)

where fo (Hz) is the frequency at the peak transfer function amplitude, and f 1 and f 2 (Hz) are the
frequencies associated with the amplitude that is

(
1/
√

2
)

times lower and higher than the peak transfer
function amplitude, respectively. Figure 10 presents the variation of damping ratio measured at several
points on the test specimen according to the increase of scaling factor. Overall, the initial damping
ratio of the test specimen was in the range of 2–4%. The damping ratio increased to 4–10%, along with
the increase of input ground motion amplitude due to the damage accumulated in the transformer as
the input acceleration amplitude increased. The analogous results were observed in the previous study
by Fathali [12,13] on non-structural electrical equipment.
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3.2. Damage Observation

Figure 11 presents the typical damage of test specimen observed during a series of shaking table
tests. Overall, three weak points are shown, as evident in Figure 11a: The failure of the spacers, the
slippage of coils, and the loosening of linked bolts between the bottom beam and bed beam. The first
damage was observed after AC156_50 (Test no. 5), with respect to the PGA of 0.15, 0.14, and 0.16× g in
the X, Y, and Z-directions, respectively. The local damage could be observed in the spacers located
on the right and left coils of the transformer in terms of vertical and horizontal crack, as shown in
Figure 11b.
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Figure 11c–f demonstrate the damage of the test specimen observed after AC156_75, AC156_125,
AC156_250, and AC156_300, respectively. To be more specific, after AC156_75 (Test no. 6), with respect
to the PGA of 0.21, 0.17, and 0.18× g in the X, Y and Z-directions, respectively, the horizontal crack
continues to develop in the spacers located on the left coil at the bottom of the transformer (Figure 11c).
Simultaneously, the bolts connecting the bottom beam and bed beam partially loosen. After AC156_125
(Test no. 11), with respect to the PGA of 0.33, 0.31, and 0.27× g in the X, Y and Z-directions, respectively,
the HV and LV coils have slipped away from the original positions (Figure 11d). This is due to the
fact that the inertia force caused by the high acceleration level exceeds the friction force between the
spaces and bottom beams, leading to the slippage of the HV and LV coils. The slippage of the HV and
LV coils continued to grow during test AC156_250 and caused bond loss between the upper part and
lower part of the spacers (Figure 11e). After the final test (AC156_300), with respect to the PGA of
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0.90, 0.79, and 0.66× g in the X, Y, and Z-directions, respectively, the bond between the upper part and
lower part of the spacers located at the bottom of the transformer was completely lost, leading to the
failure of the spacers. Simultaneously, the bolts connecting the bottom beam and bed beam became
completely loose, as shown in Figure 11f.

In general, at the final test, the specimen neither overturned nor collapsed; however, the spacers
showed severe slippage, which to avoid magnetic stress and dangerous geometrical dissymmetry,
should keep constant distances between the core and the coils, and between the HV coils and LV
coils [23]. Such failure of the spacers was mainly concentrated at the bottom region of the test specimen,
along with the loosening of the linked bolts between the bottom beam and bed beam.

3.3. Acceleration Response and Dynamic Amplification of Test Specimen

The tri-axial acceleration response histories measured at different locations (top beam, bottom
beam, left coil, and center coil) of the mold transformer were used to analyze the test results. Table 4
summarizes the peak acceleration responses of the test specimen in the X, Y, and Z-directions.
Figures 12 and 13 present the acceleration response time histories of the test specimen subjected to
75% tri-axial AC156 input ground motion (AC156_75 test) and 300% tri-axial AC156 input ground
motion (AC156_300 test), respectively. Figure 12 shows that the acceleration responses at the center
coil and the left coil of the test specimen were almost the same. In the Y-direction, where the specimen
showed low stiffness, the acceleration response showed a big difference, compared to those in the
X and Z-directions, the top beam vibrated severely with 0.7× g being the largest value of response
acceleration; in general, the bottom beam showed less vibration than the other locations; however,
transient peak accelerations were recorded with a maximum value of 0.51× g. Figure 13 shows that the
specimen also revealed almost the same acceleration responses at the center coil and the left coil. In
the Y-direction, the trend was similar to the test of AC156_75, the top beam vibrated more severely
than the other locations with a peak response acceleration of 3.30× g; overall, at the bottom beam the
level of vibration was not different from those of the left coil and center coil; however, transient peak
accelerations were recorded with a maximum value of 2.31× g. This can be attributed to the high
amplitude of input ground motion, which caused the damage accumulation in the bottom beam and
the shift of natural frequency, as well as damping ratio, as presented in the aforementioned section.

Table 4. Peak response acceleration of the test specimen at different locations.

Test no. Test Label
Peak Response Acceleration (× g)

Top Beam Center Coil Bottom Beam Left Coil

X Y Z X Y Z X Y Z X Y Z

4 AC156_25 0.17 0.19 0.10 0.20 0.15 0.13 0.08 0.11 0.09 0.18 0.12 0.13
5 AC156_50 0.34 0.36 0.20 0.33 0.24 0.24 0.16 0.17 0.21 0.36 0.24 0.22
6 AC156_75 0.45 0.70 0.42 0.42 0.36 0.36 0.23 0.51 0.33 0.42 0.40 0.34
7 AC156_100 0.54 0.94 0.54 0.48 0.49 0.43 0.54 0.45 1.04 0.52 0.53 0.46
11 AC156_125 0.70 1.09 1.20 0.59 0.52 0.61 0.96 1.10 1.00 0.51 0.69 0.60
12 AC156_150 0.75 0.98 0.90 0.62 0.59 0.76 0.71 1.03 1.25 0.60 0.67 0.74
13 AC156_175 0.86 1.05 1.35 0.68 0.69 0.70 0.84 1.27 1.68 0.77 0.69 0.83
14 AC156_200 1.05 1.33 0.72 0.84 0.85 0.72 0.82 1.50 1.44 0.95 0.89 1.02
18 AC156_250 1.48 1.84 0.86 0.99 1.10 0.82 1.49 1.90 1.87 1.23 1.47 1.18
19 AC156_300 1.62 3.30 1.11 1.21 1.10 1.02 1.57 2.31 1.11 1.28 1.41 1.58
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Figure 13. Acceleration response-time histories of test specimen of AC156_300.
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Figure 14 presents the results of the peak response acceleration of the test specimen with respect
to peak input accelerations at different locations. Overall, it can be observed that the specimen showed
almost similar peak response acceleration, regardless of location in the X-direction. However, in the
Y and Z-directions, it showed big differences in response acceleration at different locations. In the
Y-direction, after a PGA of around 0.2× g, the peak response acceleration at the top beam and bottom
beam were higher than those of the center coil and left coil and reached values of 3.30 and 2.31× g at
AC156_300, respectively. Meanwhile, the peak acceleration responses at the center and left coils were
1.10 and 1.47× g, respectively. This is because the center and left coils are partly isolated due to the
epoxy and vibrated separately from the steel frame core of the transformer. Moreover, Figure 14a also
presents the damage stages of the test specimen: the local damage of spacers was observed at a PGA of
around 0.15× g, the bolts connecting the bottom beam and bed beam were partly loose at a PGA of
around 0.20× g, the slippages of HV and LV coils were observed at PGA of around 0.30× g, and the
bolts connecting the bottom beam and bed beam were completely loose at a PGA of around 0.60× g.
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In addition, the dynamic amplification was evaluated, which is the key parameter in seismic
engineering of non-structural components. In this study, the dynamic amplification of the mold
transformer can be evaluated by means of the acceleration amplification factor, aP, which was defined
as the ratio between the peak response acceleration of the test specimen (PRA), and the peak floor
acceleration (PFA) [4,8]:

aP =
PRA
PFA

. (7)

In Equation (7), the values of PRA were obtained from the accelerometers mounted on the
specimens and the values of PFA were obtained from the accelerometers mounted on top of the RC
slab, as shown in Figures 2 and 3. Figure 15 illustrates the values of the amplification factor according
to the peak ground acceleration calculated at the top beam, center coil, bottom beam, and left coil of
the test specimen with respect to the X, Y, and Z-directions. According to the recommendations of
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FEMA E-74 [1] and American Society of Civil Engineers (ASCE) ASCE 7-16 [24], the design component
amplification factor varies from 1.0 (for rigid components) to 2.5 (for flexible components), which is
also presented in Figure 15 for comparison. Overall, the amplification factors in the X and Y-directions
were in the range of those for non-structural elements specified in FEMA E-74 [1]. Meanwhile, in the
Z-direction, the acceleration amplification factors were smaller than the lower limit specified in FEMA
E-74 [1]. From the study by Fathali et al. [12,13] on the seismic performance of electrical components,
the amplification factors in the horizontal and vertical directions were almost the same, which showed
a discrepant trend to the present results. This could be attributed to the discrepancy of anchoring
details connecting the transformer to the concrete slab, resulting in the different response acceleration
of the test specimen in horizontal and vertical directions.
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3.4. Displacement Response of Test Specimen

The data recorded from the TMDTs and static LVDTs were calibrated to determine the relative
displacement response of the test specimen. The tri-axial relative displacement response at a specified
location of the transformer could be derived from a system of quadratic equations:

(x− xo)
2 + y2 + z2 = r2

x
x2 + (y− yo)

2 + z2 = r2
y

x2 + y2 + (z− zo)
2 = r2

z

, (8)
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where x, y, and z are the calculated relative displacements of a specified location of the transformer in
X, Y, and Z-directions, respectively; xo, yo, and zo are the absolute distances between the fixed locations
of TMDTs to the measured locations of the transformer in X, Y and Z-directions, respectively; and rx,
ry, and rz are the absolute displacement values recorded from the TMDTs in X, Y and Z-directions,
respectively. Figure 16 expresses the relative displacement response-time histories at the left coil of
the test specimen subjected to 75% tri-axial AC156 input ground motion (AC156_75 test) and 300%
tri-axial AC156 input ground motion (AC156_300 test). Figure 17 expresses the tri-axial maximum
relative displacement response of the test specimen evaluated at the top beam, left coil, and bottom
beam of the test specimen with respect to the PGA. In general, the maximum relative displacement of
the test specimen increased along with the increase of PGA. The maximum relative displacement in
the Z-direction was much smaller than those in the X and Y-directions during the shaking table tests.
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Figure 16. Relative displacement response-time histories of test specimen at the left coil. (a) at
AC156_75; (b) at AC156_300.

Moreover, according to the provisions and recommendations of the Korean National Radio
Research Agency [25], the maximum displacement at the top of the equipment should not exceed 75
mm to ensure the safety and functional operation of non-structural components, as well as adjacent
components. Figure 17 also shows the limit condition of 75 mm in comparison with the test results. The
figure shows that the maximum relative displacements in the Z-direction do not exceed the boundary
limit of 75 mm at the end of the tests. Meanwhile, the maximum relative displacements in the X and
Y-directions exceed the boundary limit of 75 mm around the PGA of 0.70 and 0.5× g, respectively.

3.5. Strain Profiles

Figure 18 presents the maximum strain profiles recorded at the locations around the linked bolts
of the bottom beam and the bed beam during the shaking table test series, with respect to the scaling
factor. Overall, the strain of the bottom beam and bed beam increased along with the increasing input
acceleration amplitude but did not exceed the yield strain. At the bottom beam (Figure 18a), the
maximum measured strain was 0.00129 mm/mm at AC156_300. At the bed beam (Figure 18b), the
maximum measured strain was 0.00198 mm/mm at AC156_300, which nearly reached the yield strain
of 0.002 mm/mm.
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4. Operational Test of the Specimen

For operational capacity assessment, the mold transformer was tested before and after the series of
shaking table tests. The tests were performed based on the International Electrotechnical Commission
(IEC) IEC 60076-11 Standard [26] for dry-type transformers. Table 5 summarizes the test results of
the transformer before and after the shaking table test series. From the test results, the specimen
remained in good condition after the shaking table tests, in terms of external appearance. Moreover,
the specification data of the transformer satisfied the acceptance criteria specified in IEC 60076-11 after
the shaking table tests, thus ensuring the operational capacity of the test specimen. Nevertheless, the
aforementioned weak points, including the loosening of linked bolts and the failure of spacers, can
affect the operational capacity of the transformer in earthquakes with higher acceleration amplitude.

Table 5. Operational test results.

Name of Test
Acceptance Criterion

(IEC 60076-11)
Test Results

Before Shaking Table Tests After Shaking Table Tests

External appearance evaluation Good Good

Winding resistance measurement (at 100
◦C) (Ω; Ω)

HV winding resistance 0.174 0.179
LV winding resistance 0.000846 0.000797

No-load current (%) <2.5 0.24 0.24

No-load loss (W) 1476 1487.00

Impedance voltage test (V; %) 328.6 360.00
<10 4.99 5.46

Load loss (W) 4859.66 5327.99

Full-load loss (W) 6335.66 6814.99

Efficiency (%) >98.6 99.37 99.32

Voltage fluctuation rate (%) <1.3 0.61 0.68

Insulation resistance measurement Good Good

Separate-source withstand voltage test Good Good

Impulse withstand voltage test Good Good

Temperature-rise test Good Good

Noise level test (dB) <70 53.69 50.9

Partial discharge test <10 5 5

5. Conclusions

In this study, the seismic performance of the electrical mold transformer was experimentally
investigated through tri-axial shaking table tests. The input acceleration time histories were artificially
generated according to the ICC-ES AC156 code with a range of different amplitude. A total of 22
shakings were performed during the entire test campaign. Based on the test results, the primary
conclusions may be drawn as follows.

1. The dynamic properties of the test specimen were estimated through dynamic identification tests
using random input signal. The initial natural frequencies of the mold transformer in the X, Y
and Z-directions were 7.78, 2.52, and 23.12 Hz, respectively. Since the damage grew as the input
motion amplitude increased, the fundamental frequency showed a decreasing trend; however,
the level of frequency deterioration was not significant.

2. The damping ratios of the test specimen were evaluated using the half-power bandwidth method.
The initial damping ratio of the test specimen was in the range of 2–4% and showed an increasing
trend up to 4–10% with the increase of input ground motion amplitude.

3. In terms of damage stages, overall, at the final test, the specimen neither overturned nor
collapsed; however, the spacers located on the bottom region of the transformer showed severe
slippage. Simultaneously, the bolts connecting the bottom beam and bed beam were completely
loose. Nonetheless, it should be noted that the prototype specimen was tested with conventional
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anchoring details; thus, further investigations on the seismic performance of the mold transformers
with different anchoring details should be taken into account to assess the damage characteristics
of the mold transformer.

4. The dynamic amplification of the mold transformer by means of the acceleration amplification
factor was evaluated. The amplification factors during the tests were in the range of 1.0–2.5 in the
X, Y-directions, which complied with the ASCE 7-16 and FEMA E-74 Standard. Meanwhile, the
acceleration amplification factors in the Z-direction were smaller than the lower limit specified in
FEMA E-74.

5. During the shaking table test series, the maximum relative displacements in the X-direction did
not exceed the boundary limit of 75 mm, which was recommended by the Korean National Radio
Research Agency [25]. Meanwhile, the maximum relative displacements in the Y and Z-directions
exceeded the boundary limit of 75 mm around the PGA of 0.50 and 0.47× g, respectively. Moreover,
at the end of the shaking table tests, the maximum strain of the bottom beam and bed beam did
not exceed the yield strain.

6. The specimen showed good condition of external appearance and satisfied the acceptance criteria
specified in IEC 60076-11 after shaking table tests, thus ensuring the operational capacity of
the transformer.
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