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Abstract: Among national infrastructure facilities, electric power facilities are very important sites
that must maintain their functions properly even during a natural disaster or during social crises.
Therefore, seismic design is required when necessary for major electric power facilities that have
a significant impact when damaged in the event of an earthquake. In electric power facilities,
bushings are generally installed in devices or structures. Therefore, ground acceleration can be
amplified through devices, such as transformers, or sub-structures. Among various electric power
facilities, cable terminations are representative cantilever-type substation facilities consisting of a
bushing, a sub-structure, and support insulators. The bushings of cable terminations are generally
made of porcelain or fiber-reinforced plastic (FRP) materials, and they may have different dynamic
characteristics. This study attempted to estimate the acceleration amplification ratio in the main
positions of cable terminations considering the materials of bushings. For two cable terminations
with different specifications and bushing materials, three-axis shake table tests were conducted in
accordance with IEEE 693, which includes a seismic performance evaluation method for a power
substation facility. The acceleration amplification ratios at the top of the bushing, mass center, and top
of the support structure were estimated using the acceleration responses of each cable termination.
They were then compared with the acceleration amplification factors presented in design standards.
Consequently, the acceleration amplification ratio of cable termination with an FRP bushing was
lower than that of the cable termination with a porcelain bushing.

Keywords: seismic performance; electric power facility; bushing; amplification ratio; shaking table

test; cable terminations

1. Introduction

Damage to several electric power facilities was reported during the Wenchuan earth-
quake (2008), Haiti earthquake (2010), and Tohoku earthquake (2011) [1-4]. Among the
national infrastructure facilities, electric power facilities are essential facilities that must
maintain their functions even during a natural disaster or a social crisis. The seismic safety
of electric power facilities is even more important than anything else because the supply
of electricity is vital in implementing rapid social stability and reconstruction projects
after an earthquake. Therefore, establishing measures for seismic safety is required for
major electric power facilities that have a significant impact when damaged in the event of
an earthquake.

Since electric power facilities involve damage to themselves and socioeconomic im-
pacts due to long-term power outages in the event of an earthquake, measures to prepare
for earthquakes and secure seismic safety for electric power facilities need to be prepared.
In this regard, applying a vibration control device such as a tuned mass damper (TMD) is
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considered [5], and the seismic design or seismic qualification of electric power facilities
is performed.

In general, seismic acceleration that acts on a structure or device is transmitted from the
ground surface, and it increases as the height of the structure increases. The amplification
factor easily applicable to seismic design is used as a design variable to reflect the influence
of seismic acceleration that increases alongside the increase in height.

In ASCE 7-16, the amplification factor of a structure is linearly proportional to the total
height of the structure and the installation height of the target facility. In addition, amplifi-
cation factors were presented for various types of non-structural elements. Non-structural
elements are divided into architectural components and mechanical/electrical components,
while coefficients between 1 and 2.5 are presented [6]. The seismic design standards for
buildings in Korea similarly present amplification factors to ASCE 7-16 [7]. These amplifi-
cation factors of power transformer structures in Korea are applied in accordance with the
guidelines on the seismic design of power transmission and distribution facilities [8]. The
amplification factors of electric power facilities, however, are presented only for specific
devices. For bushings, only the bushings of transformers are considered, and an amplifica-
tion factor of 8.5 is used. In general, bushings are not mounted on the ground or simple
support structures. Thus, the ground acceleration can be amplified through devices, such
as transformers, or sub-structures. For this reason, IEEE 693 (2005) [9] applies four times the
input seismic motion when the seismic performance of the bushings of transformers is eval-
uated through shake table tests. IEC TS 61463 presents the amplification factors of bushings
considering devices and structures in which bushings are installed, the height, damping
ratio, and multi-mode response [10]. Depending on the specifications or standards, the
seismic acceleration amplification of electric power facilities can be considered differently.

Major electric power facilities are designed to be earthquake-resistant in accordance
with design standards, and the validity of seismic design is evaluated through finite element
analysis or experiments [9,11-13]. Bushings that are used in transformers, circuit breakers,
gas-insulated switchgear (GIS), and cable terminations are representative electric power
facilities whose seismic performance is evaluated through shake table tests. Shake table
tests are mostly conducted on bushings because it is not economical to evaluate the seismic
performance of large devices, such as transformers and liquid-filled reactors, through shake
table tests.

Shake table tests were conducted to evaluate the seismic performance of large bushings
over 500 kV [14,15]. In Korea, the seismic performance of various types of bushings was
also evaluated [16,17]. For tests on bushings alone, however, it is difficult to consider
interactions with devices or sub-structures on which bushings in transformers and GIS are
mounted. Therefore, the seismic behavior of the entire device is analyzed, and its seismic
performance is evaluated through finite element analysis considering the shake table test
results of bushings [18,19]. Finite element analysis is conducted under the assumption that
the device is ideally fixed to the floor. Such an ideal fixing, however, is not easy in the field.
Thus, it is necessary to express the boundary conditions of the device accurately [20]. In
addition, connections between the components of the device are complex. It is difficult to
simulate them, as there are various variables [9]. Therefore, experimental studies aimed
to analyze the seismic behavior of transformers and their bushings and investigate their
acceleration amplification tendencies through shake table tests [21,22]. Recently, a study
evaluated the seismic performance of a real-scale 154 kV transformer, which was equipped
with all components (e.g., conservator and radiator) and filled with oil. The acceleration
amplification ratio of the bushing was also analyzed [23].

Among various outdoor transformer facilities, cable terminations are a representative
cantilever-type power substation facility that consists of a bushing, a sub-structure, and
support insulators. They are used to connect overhead lines and underground lines at
outdoor substations, and proper seismic design is required to maintain their functions in
the event of an earthquake. Few studies, however, have been conducted on the seismic
behavior and acceleration amplification tendency of cable terminations.
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In the Seismic Research and Test Center of the Pusan National University, static tests
and shake table tests were conducted on a 500 kV cable termination, which included a
support structure, support insulators, and a fiber-reinforced plastic (FRP) bushing similar
to those supplied [24]. Shake table tests and finite element analysis were also conducted
to evaluate the seismic performance of a 230 kV cable termination [17]. In these studies,
however, the seismic acceleration amplification of cable terminations was not analyzed.
Therefore, if vibration amplification tendencies are investigated using the acceleration
responses in major positions of the cable terminations among the shake table test data,
it is expected that they can be used as data for determining the amplification factor for
seismic design.

This research intended to estimate the acceleration amplification ratio in the main
positions of cable terminations. For two cable terminations, three-axis shake table tests were
conducted in accordance with IEEE 693 (2005) [9], which includes a seismic performance
evaluation method for substation facilities. The resonant frequency was investigated from
the tests, and the acceleration amplification ratios at the top of the bushing, mass center
of the unit under tests, and on top of the support structure were estimated using the time
history test results. Consequently, the acceleration amplification ratio of cable termination
with an FRP bushing was lower than that of the cable termination with a porcelain bushing.
In addition, the acceleration amplification ratio of the cable termination with an FRP
bushing differed significantly from the design standard.

2. Earthquake Damage in Electric Power Facilities

Among electric power facilities, power transmission, and distribution facilities are
major facilities that transmit electricity produced from power plants to each region that
has demand for it. During the Wenchuan earthquake (2008), Haiti earthquake (2010), and
Tohoku earthquake (2011), damage to a number of power transmission and distribution
facilities was reported. Table 1 shows representative cases of seismic damage to power
transmission and distribution facilities.

Circuit breakers, GIS, cable terminations, and cantilever-type slender bushings are
installed in transformers. The structural vulnerability of bushings can be confirmed from a
number of seismic damage cases. The 1985 Mexico City earthquake damaged the bushings
of circuit breakers and transformers [25]. The 1989 Loma Prieta earthquake damaged the
bushings of live tank breakers [26], while the 2003 Bam earthquake damaged the connecting
joints of porcelain bushings [27]. Specifically, during the 2008 Wenchuan earthquake in
China, damage to the bushings of transformers and circuit breakers was confirmed in a
number of substations, including the Ertaishan and Qimingxing substations [1]. Damage to
bushings was also reported during the Haiti and Chile earthquakes in 2010 [2,4]. Recently,
during the 2023 Tiirkiye earthquake, damage to transformer bushings was reported from
power plant facilities in the Iskenderun and Elbistan regions [28]. Table 1 lists representative
cases of seismic damage to substations and major facilities, while Figure 1 shows damage
to bushings.

Seismic damage tends to be concentrated on bushings among the components of
electric power facilities. Particularly, cable terminations can be vulnerable to seismic loads
because they are slender and have a relatively high center of gravity since they consist of a
bushing, support insulators, and a steel truss structure. Thus, the seismic safety of cable
terminations is often verified through shake table tests. There are, however, few cases in
which the seismic behavior of cable terminations was investigated through experiments.
Therefore, in this study, shake table tests were conducted to analyze the seismic acceleration
amplification tendency of cable terminations.
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Figure 1. Seismic damage to bushings in substations: (a) overturned 500 kV circuit breaker at the
Moss Landing substation [29]; (b) sustained broken bushing [28]; (c) Bam city earthquake (2004) [27];
(d) Wenchuan earthquake [1].

Table 1. Cases of seismic damage to electric power facilities.

Country Location Damage Failure Mode
(Year)
e power transformer bushings
) . e  surge arresters (ground-mounted) e  overturning by anchorage failure
Mexico Yautepec substation . instrument transformers . knocking building
(1985) . circuit breakers (live tank)
Oaxaca substation . transformer . overturning by anchorage failure
The U.S. . .
(Loma prieta) Moss Landing substation : hvi tank btrftzaker? bushing e  overturning broken by bending
(1989) instrument transformer
N insulator and bushing . overturning by anchorage failure
Iran substation in Tehran and . transformers . &5y ge faltu
(2003) Tabriz e  CVTsand CTs e  impact by pendulous motions of LTs
. batteries in the control building * fall down
. transformer . sliding
more than 100 substations e  switchgear e  dropping
China includin; . cores/coils . overturnin,
& 8
(2008) Ertaishan . bushings ° tippling
substation . radiators . rupture
e  conservators e  oilleakage
Haiti Ancien Delmas substation e  overturning
(2010) and Nouveau Delmas . transformer o oil leakage
substation [30] . broken insulators
Chile bstati Quillot . inclined isolators . oil leakage
(2010) substation nearicurtiota e  current and measuring transformers e  slant
. transformer movement
. oil leakage
Tiirkiye Iskenderun, Elbistan and e  broken bushings
(2023) antakya area [28] . settlement of powerhouse
e  collapse of substation buildings
e  collapse of transmission tower
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3. Unit Under Tests

The units under test (UUTs) were cable terminations designed and produced by
different manufacturers. UUT1 is a 500 kV cable termination that consists of an FRP
bushing, eight porcelain support insulators, and a truss-type steel support structure. It
measures 9253 mm in height and weighs 4900 kg. UUT?2 is a 230 kV cable termination
that consists of a porcelain bushing, four porcelain support insulators, and a steel support
structure. It measures 6000 mm high and weighs 2108 kg. The bushings of the UUTs
were filled with insulating oil and additional mass that serves as conductors, and cables
were installed at terminal connections [9]. The UUTs had cables with a sufficient length
for function tests. Figure 2 and Table 2 show the geometry and details of the UUTs. The
support structure of UUT1 was fastened with a steel jig, which was fixed to the floor of the
shake table using M30 bolts (Torque: 770 N-m). The end of the cable was also fixed to the
floor of the shake table using a fixing tool.

Table 2. Specification of UUTs.

Specimen o e on Dimensions (mm) Weight  Added Weight
Name Length Width Height (kg) (kg)
UUT1 500 kV 2348 1219 9253 4900 12.62
UUT2 230 kv 1212 1212 6000 2108 7.10

(b)
Figure 2. UUTs on shaking table: (a) UUT1, 500 kV cable termination; (b) UUT2, 230 kV cable termination.

4. Shaking Table Tests

This study performed shake table tests in accordance with IEEE 693 (2005), which is a
test standard for examining the seismic design of substation facilities. Table 3 shows the
sequence of the tests.

Table 3. Test procedure.

Step Test Name
1 pre-resonance search test
Time history test

3 post-resonance search test
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4.1. Resonance Search Test

The resonance search test is conducted to find the resonant frequency and the damping
ratio. In this study, the UUTs were installed on the shake table, as reflected in Figure 2,
and a resonance search was performed by conducting the sine sweep test. The test was
conducted in both vertical and horizontal directions. Since the target facilities were flexible
structures with a high center of gravity, the resonance search test was conducted using low
input acceleration (0.05 g) so that the structures would not be damaged. The search range
was set at 1 to 35 Hz.

4.2. Time History Test

For the time history test, acceleration time history was prepared to satisfy the high-
level required response spectrum (RRS) for the 2% damping ratio proposed by IEEE 693
(2005) [9]. Figure 3a shows the horizontal RRS, and Figure 3b demonstrates the vertical RRS.
For the vertical direction, 80% of the horizontal component was used in accordance with
IEEE 693 (2005) [9]. A tri-axial test was conducted using the prepared artificial seismic wave.
The artificial seismic wave vibration lasted 30 s, and that of strong motion was 20 s [31]. The
tri-axial test means that both horizontal and vertical directions are tested simultaneously.
Figure 4 depicts that the RRS is well enclosed in the tested response spectrum (TRS) of
the acceleration signal measured on the floor of the shake table. In Figure 4, the left side
shows the acceleration response in each axis, while the right side compares the TRS and
RRS. The RRS is represented by black lines, and the TRS is represented by red lines. Lines
that correspond to 90% and 150% of the RRS were expressed using blue dotted lines. The
blue dotted lines are the tolerance of table motion recommended by IEEE 693 (2005) [9].

2.0

[— Required Response Spectrum [Horizontal]
1.6
=)
5 12
®
2
2 08
Q
<
0.4
0.0 T T
10° 10’
Frequency [HZ]
(a)
20
[— Required Response Spectrum [Vertical]
16
3,
c
9o
®
% 0.8
Q
Q
<
0.4
0.0

100 10°
Frequency [Hz]

(b)

Figure 3. Required response spectrum (2% damping ratio): (a) horizontal; (b) vertical.
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Figure 4. Time history of input acceleration (left) and comparison between TRS and RRS (right):
(a) UUT1 500 kV cable termination; (b) UUT2 230 kV cable termination.
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5. Test Equipment and Measurement
5.1. Test Equipment

Shake table tests were conducted using the six-degrees-of-freedom (6DOF) shake table
of the Seismic Research and Test Center of Pusan National University. The maximum load
of the shake table is 30 tons, and the maximum acceleration for a bare table is 3.0 g. Figure 5
and Table 4 show pictures and performance details of the 6DOF shaking table.

Figure 5. The 6DOF shaking table at SESTEC.

Table 4. The 6DOF shaking table at SESTEC.

Item Specification
degrees of freedom 6DOF
table size 4m x4m
full payload 30 tons
maximum acceleration (bar table) 30g
maximum velocity 150 cm/s
maximum stroke 4+30.0 cm (£20.0 cm)

5.2. Measurement

To measure test responses, accelerometers were installed in major positions. The
accelerometer installation positions are highlighted in Figure 6. The yellow triangles mean
locations for accelerometers.

(b)
Figure 6. Tri-axial accelerometer location: (a) UUT1; (b) UUT2.
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As for the accelerometers, tri-axial accelerometers were used to measure acceleration
responses in two horizontal directions and one vertical direction in the same position.
Accelerometers were installed on the shake table to examine the control results of the
shake table tests. To measure the acceleration responses of the target facilities, tri-axial
accelerometers were installed at the top of the bushing, at the mass center, and on top of
the support structure.

6. Test Results and Analysis

Upon completing the test, structural abnormalities such as cracks, leakage, and loos-
ened bolts were examined, and function tests were conducted at the manufacturer’s site.
No structural damage was found for both UUT1 and UUT2, and their main functions
were normal.

6.1. Estimation of the Resonant Frequency and Damping Ratio

The resonant frequencies of the target facilities were determined by calculating the
transfer function through the resonance search test. The transfer function was obtained by
calculating the acceleration (Unit, b(t)) at the response position with respect to the input
acceleration (Base, a(t)) using Equation (1). A Symmetric Hamming Window was applied
to each signal to prevent signal distortion in the frequency domain.

() = ok )

where T,;(f) is the transfer function of the output acceleration signal (b(t)) with respect
to the input acceleration signal (a(t)), Psa(f) is the Power Spectral Density function of the
input signal, and Py, (f) is the Cross-Power Spectral Density function of the input and
output signals.

This study estimated the damping ratio using the half-power bandwidth method,
which is most commonly used to estimate the damping ratio through shake table tests.
The half-power bandwidth method estimates the damping ratio using the target half-
power bandwidth frequency in the frequency domain of the measured acceleration signal.
The half-power bandwidth frequency (1, 82) can be defined for the damping ratio (¢),
as noted in Equation (2). In Equation (2), 2 is the natural frequency of an equivalent
vibration system. In terms of ¢, the damping ratio of the target mode can be estimated
using Equation (3) in the case of low damping.

Bt 6= | (1-222) 7201 - 2|2 @

&= (B2—P1)/(B2+ B1) 3)

Table 5 shows the resonant frequency and damping ratio [32,33]. For UUT1 with an
FRP bushing, the lowest resonant frequency estimated from the resonance search results
before the test was 5.0 Hz for the X-axis, 4.5 Hz for the Y-axis, and 24.25 Hz for the Z-axis.
Changes in resonant frequency after the test were insignificant. For UUT2 with a porcelain
bushing, the resonant frequency before the test was 7.19 Hz for the X-axis, 7.13 Hz for the
Y-axis, and 36.75 Hz for the Z-axis. Changes in resonant frequency before and after the test
were less than 5%. The damping ratio of UUT1 is higher than that of UUT2. The average
horizontal damping ratio of UUT1 was the same (5.81%) before and after the test, while that
of UUT2 was 3.61% before the test and 3.81% after the test, resulting in a difference of less
than 5%. For both UUT1 and UUT2, the resonant frequency and damping ratio changed by
less than 5%, indicating that no structural damage occurred.
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Table 5. Resonant frequency and damping ratio.

Lowest Resonant Damping Ratio (%)

Test Name Direction Frequency (Hz) Remarks
UUT1 UUT2 UUT1 UUT2

e resonance X 5.00 7.19 5.56 3.26
p e Y 4.50 7.13 6.06 3.95

Z 24.25 36.75 1.90 1.62 half-power

. X 5.00 7.00 5.56 402  bandwidth
pos 'resh"?art‘ce Y 4.50 6.94 6.06 3.60
search tes Z 24.50 34.94 1.37 1.34

6.2. Acceleration Amplification Ratio

For equipment with various components, a comparison that uses the maximum value
of the acceleration response may not be appropriate due to the influence of the local mode
and the noise caused by interactions between the components. In NUREG/CR-5203, the
acceleration amplification ratio of cabinets, among electrical devices, is presented using the
average value, peak value, or the value of the zero period in the random frequency range of
the acceleration response spectrum [34]. Therefore, the acceleration amplification tendency
was analyzed using the ZPA of the test acceleration response spectrum and RMS (Root
Mean Square) of the time history as representative values. The test acceleration response
spectrum was analyzed using a 1/12 octave.

In Table 5, ZPA represents the spectral acceleration values at the TRS of 47.95 Hz for
the acceleration responses measured from the accelerators. In IEEE 693 (2018) [35], the ZPA
in shake table tests is an acceleration value in a high-frequency domain of 33 Hz and up,
and it indicates the maximum acceleration value of the acceleration time history. Here, it
appears that 33 Hz was mentioned because the range of RRS presented for creating the
acceleration time history is 33 Hz or less. Therefore, the highest frequency value of RRS
or the frequency operating limit of the shake table can be used by assuming them as zero
periods [23]. In this study, the spectral acceleration value at the TRS of 47.95 Hz measured
from each accelerometer was assumed to be the ZPA, considering the frequency range of
the shake table and the TRS octave.

The acceleration amplification tendencies of the UUTs were compared using the ratio
between the acceleration response at the main positions and the acceleration response
of the shake table floor. The ratio of the acceleration response spectrum, R,(i), can be
calculated using Equation (4). In Equation (4), S,(Ground) is the TRS of the acceleration
response measured at the top of the concrete foundation installed on the shake table,
and S,(Component) is the FRS measured from each position of the test target. i is the
measurement position. R,(7) is shown in Table 6.

. Sa(Floor)
Ri(i) = —F—F 4
(i) Sa(Ground) @
The RMS can be used to evaluate the acceleration response of electrical equipment [36].
The RMS of the time history is the square root value of the average of the squares of the time
history measured at each position. It can be seen as a value that represents the amplitude
regardless of the frequency, which can be expressed as Equation (5).

RMS = %Zx,% (5)

where x;, is the k-th data in the measured time history, and # is the total number of time
history data. Since RMS, which is calculated based on the signals measured at each position,
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represents the amplitude of the positions, the RMS ratio can be calculated using Equation
(6) in the same way as the acceleration response spectrum ratio shown in Equation (4).

RMS,(Floor)

- RMS,(Ground) ©)

Rrams (i)
where RMS, (Component) is the RMS value of the acceleration time history measured at the
main positions of the test target, RMS,(Ground) is the RMS value of the acceleration time
history measured at the base of the shake table, and i is the measurement position. Table 7
specifies the RMS values and RMS ratios for tri-axial acceleration in the main positions of
the UUTs.

Table 6. The ZPA (47.95 Hz) and R, (7).

ZPA (g) R, () (g/g)
Location Direction
UUT1 uuT2 UUT1 UuT2

X 1.28 0.86 - -

shaking table Y 1.59 0.56 - -

Z 1.97 0.92 - -
X 0.95 2.16 0.74 2.51
top of sub-structure Y 1.07 1.94 0.67 3.46
Z 0.80 1.32 0.41 1.44
X 1.21 2.13 0.96 2.48
mass center of UUT Y 1.21 2.14 0.76 3.82
Z 0.58 2.29 0.29 2.49
X 2.34 4.88 1.83 5.67
top of UUT Y 2.35 4.34 1.48 7.75
Z 0.96 2.67 0.49 2.90

Table 7. RMS and Rgps(7).
RMS of Acceleration (g) Rrus (@) (g/g)
Location Direction
UUT1 uuT2 UUT1 UuT2

X 0.12 0.12 - -

shaking table Y 0.13 0.11 - -

Z 0.12 0.10 - -
X 0.13 0.25 1.08 2.08
top of sub-structure Y 0.15 0.24 1.15 2.18
Z 0.14 0.13 1.17 1.30
X 0.23 0.46 1.92 3.83
mass center of UUT Y 0.26 0.43 2.00 3.91
Z 0.10 0.14 0.83 1.40
X 0.48 0.74 4.00 6.17
top of UUT Y 0.51 0.73 3.92 6.64
Z 0.11 0.15 0.92 1.50

Figure 7 shows the amplification ratios of the acceleration response of each axis to the
input earthquake for UUT1 and UUT2 according to the measurement height. Figure 7a
shows the amplification ratio of UUT 1 and that of UUT2 in Figure 7b.
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Figure 7. Comparison of amplification ratios: (a) amplification ratio of UUT1; (b) amplification ratio
of UUT2.

In Figure 7, R, (i) is marked by blue lines and Rgpss(i) by red lines. Solid lines, dot
lines, and dash-dot lines represent the X-direction, Y-direction, and Z-direction acceleration
amplification ratios, respectively. In Figure 7a, for R, (i) of UUT1L, all values in the top
horizontal direction are less than 1 as they range from 0.294 to 0.945. Rrps(i) is higher
than 1 at all positions except for the Z-direction of UUT1. In particular, Rgps(i) is 3.9 or
higher in the top horizontal direction. Rgpss(7) in the Z-direction of UUT1, however, is less
than 1 at height above the center of gravity.

In Figure 7b, both R, (7) and Rrps (i) of UUT2 are higher than 1. There is a difference in
the acceleration amplification tendency of the Z-axis. In the horizontal direction, however,
the value of the acceleration amplification ratio increased similarly as the height of the
acceleration response measurement position increased. For the acceleration amplification
ratio of the mass center, R, (i) and Rrps (i) were more than twice as different for UUT1, and
a difference of 1.5 times was also confirmed in the X-direction of UUT2. The amplification
factor can be calculated using various factors depending on its definition, but the difference
can be significant or the tendency can vary depending on the calculation method.

Table 8 summarizes the acceleration amplification ratios of the top of the bushing
and the mass center. The differences in R, (i) for the two different horizontal directions
of UUT1 and UUT2 are 9.93 and 31.83% at the top of the structure, 23.26 and 42.54% at
the mass center of the UUTs, and 21.15 and 31.00% at the top of the UUTs. In the case of
Rrums (i), however, the maximum error between the X-axis and Y-axis of UUT1 and UUT2
at all positions is less than 7.34%, which is not significant compared to R, (7). In Table 4,
the lowest resonant frequencies in the horizontal direction for UUT1 and UUT?2 are 4.5 and
7.13 Hz, respectively. Hence, to obtain the acceleration amplification ratio of cantilever-type
structures that do not have a high resonant frequency, such as terminations, it is deemed
reasonable to use the RMS value of the response acceleration time history as a representative
value rather than using the ZPA value of the test acceleration response spectrum.

[E1 — Ea|

Difference (0/0) = m x 100 (7)

Figure 8 displays the amplification ratios of the mass center of the UUTs. Figure 9
details the amplification ratios of the top of the UUTs.
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Table 8. Amplification ratios of cable terminations.

R,() (g/g)

Rrus () (g/g)

Location Direction
UUT1 UuUT2 UUT1 UUT2

amplification ratio X 0.74 251 1.08 2.08
top of the support (g/g) Y 0.67 3.46 1.15 2.18
structure average 0.71 2.99 1.12 2.13
difference (%) 9.93 31.83 6.28 4.69
amplification ratio X 0.96 2.48 1.92 3.83
mass center of (2/2) Y 0.76 3.82 2.00 3.91
8/8 average 0.86 3.15 1.96 3.87
difference (%) 23.26 42.54 4.08 2.07
amplification ratio X 1.83 5.67 4.00 6.17
top of UUT (e/2) Y 1.48 7.75 3.92 6.64
average 1.66 6.71 3.96 6.41
difference (%) 21.15 31.00 2.02 7.34

The amplification factor of transformer bushings in Korean electric power facilities is
8.5 [8], while the maximum acceleration amplification factor of transformer bushings in
IEC TS 61,463 is 9.6 [10,23]. In Figure 9, the maximum R, (7) of UUT2 is 7.75 and the maxi-
mum Rpps(7) is 6.64 or less, which is smaller than the amplification factor of transformer
bushings in Korean electric power facilities (8.5), and the differences are 9.23 and 24.57%,
respectively. In the case of UUT1 with a flexible FRP bushing, however, R, (i) is 1.83 or
less and Rgpss(i) is 4.00 or less, which is very low compared to 8.5. Thus, very low values
compared to the amplification factor presented by the seismic qualification specification
of bushings can be seen in Figure 9. It must be considered, however, that the acceleration
amplification factors compared with the test results are only for transformer bushings.

5

uuT
(a)

X
I Y
H Avg.

uuT
(b)

Figure 8. Amplification ratios of the mass center of UUTs: (a) R, (i) of mass center of UUTs;
(b) Rrps (i) of mass center of UUTs.
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Figure 9. Amplification ratios of top of UUT: (a) R, (i) of top of UUTs; (b) Rrps(7) of top of UUTs.

In IEEE 693, most support structures are verified using the modified input opera-
tion conservatively allowed. In D.5 (Qualification procedures for bushings) of IEEE 693
(2018) [35], transformer bushings must be tested twice using RRS to consider amplification
by the transformer. In addition, in IEEE 693 (2018) [35] 5.10.4, testing must be conducted
using 2.5 times RRS when the parameters of a support structure are not known. In other
words, IEEE 693 (2018) [35] considers 2 to 2.5 times the amplification of seismic force by the
sub-structure or device of bushings.

Table 9 lists the acceleration amplification ratios at the top of the sub-structure for
UUT1 and UUT2 analyzed through R, (i) and Rrpss(7). Figure 10 presents the X-direction,
Y-direction, and average values for R, (i) and Rrps (7).

Table 9. Amplification ratio at the top of the support structure of cable terminations.

R, () (g/g) Rryps() (g/g) IEEE 693 Maximum
Direction Amplification Ratio of
UUT1 UUT2 UUT1 UUT2 Support Structure
. X 0.74 2.51 1.08 2.08
horizontal —y 0.67 3.46 115 2.18 2.50
vertical Z 0.41 1.44 1.17 1.30

In Figure 10a, the acceleration amplification ratio in the horizontal direction at the top
of the sub-structure of UUT2 is 2.51 for the X-axis, 3.46 for the Y-axis, and 2.99 on average
for R, (i). Therefore, the difference from the amplification factor of sub-structures presented
by IEEE (2.5) is up to 32.22%, while the average value showed a difference of 17.85%.
When the acceleration amplification ratio was calculated using Rgpss(i), as indicated in
Figure 10b, the values are 2.08 for the X-axis and 2.18 for the Y-axis. Since the average is
2.13, its difference from the amplification factor (2.5) of IEEE 693 (2018) [35] is less than
16%. Unlike UUT2, however, R, (i) and Rrys(i) of UUT1 were significantly lower than 2.5
in all directions.

The Z-axis (vertical) acceleration amplification ratios of UUT1 and UUT2 are lower
than 1.44 for both R, (i) and Rgps(i). Therefore, the vertical acceleration amplification
ratios of the UUTs are significantly low compared to IEEE 693 (2018) [35].
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Figure 10. Amplification ratio considering the support structure for terminations: (a) R4 (i) of top of
support structures; (b) Rrass (i) of top of support structures.

7. Concluding Remarks

This study conducted three-axis shake table tests on two different cable terminations
in accordance with IEEE 693 (2005) [9], which is a seismic performance evaluation method
for substation facilities. Acceleration amplification tendencies at the main positions of the
terminations under seismic loads were analyzed using response acceleration signals. The
units under test (UUTs) involved a 500 kV termination with a fiber-reinforced plastic (FRP)
bushing (UUT1) and a 230 kV termination with a porcelain bushing (UUT?2).

The acceleration amplification ratio was calculated using R, (i) based on the ZPA of
the tested response spectrum (TRS) and Rgps(7) that used the RMS value of the response
acceleration time history. The acceleration amplification ratio of UUT1 with a low resonant
frequency was lower than that of UUT2 with a high resonant frequency.

The difference in the acceleration amplification ratio of two different horizontal direc-
tions at the mass center and top of the UUTs was lower compared to when evaluated using
Rrums (i) and R, (7). The difference in R, (i) ranged from 21.15% to 42.54%. The difference in
Rgrums (i), however, was smaller than 7.34%. Based on these test results, Rgpy5(7) that used
the RMS value of the response acceleration time history as a representative value is judged
to be more reasonable than R, (i) when compared using the ZPA value for obtaining the
acceleration amplification ratio of a termination, which is a cantilever-type structure whose
resonant frequency is not high.

There are limited data on the acceleration amplification factor of bushings in termina-
tions under seismic loads. Therefore, a direct comparison is difficult, but a comparison was
made with the amplification factors of transformer bushings. When the lower value (8.5)
between the amplification factor of transformer bushings in Korean electric power facilities
(8.5) and the acceleration amplification factor of transformer bushings in IEC TS 61463
(9.6) was compared with the experiment results, R, (i) was 80.47% lower and Rgps (i) was
53.41% lower for UUT1, while R, (i) was 21.06% lower and Rgps (i) was 24.59% lower for
UUT?2. In IEEE 693, the RRS is amplified by up to 2.5 times, considering the sub-structure of
terminations. The acceleration response amplification ratios at the top of the sub-structure
of the terminations obtained from the experiment results were compared with the amplifi-
cation factor by sub-structures presented by IEEE 693. For UUT2 with a porcelain bushing,
the average acceleration amplification ratio in the horizontal direction was 17.85% higher
than the amplification factor of IEEE 693 (2.5) for R, (i) and 16.98% lower for Rgps(i). The
acceleration amplification ratio by the sub-structure of UUT1 with a flexible FRP bushing,
however, was significantly lower than 2.5 for both R,(i) and Rrys(i). The experiment
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results confirm that the acceleration amplification ratio of UUT2 was not significantly
different from the amplification factors presented by design standards or performance
verification standards. The acceleration amplification ratio of UUT1 with an FRP bushing,
however, was significantly different from the amplification factors presented by design
standards or performance verification standards for both the bushing and sub-structure.
As such, the acceleration amplification ratio of UUT2 with a porcelain bushing is less than
25% different from the design standard, but the acceleration amplification ratio of UUT 1
with an FRP bushing is more than 53% different from the design standard. Note that this
result only considered the horizontal acceleration amplification.

The study’s findings are expected to serve as foundational data for seismic design
and seismic performance verification in securing the seismic safety of terminations among
electric power facilities, which are classified as national infrastructure facilities.
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