Seismic Evaluation of 550 kV
Porcelain Transformer Bushings

Amir 5. Gilani
University of Califernla, Berkeloy

Andirew S. Whittaker
University of California, Berkelay

Gregory L. Fenves
University of California, Berkeley

Eric Fujlsaki
Pzcific Gas & Elactric Company

This research was sponsarad by Ihe Pasilic Gas & Electris Compacny and the
Calilamia Energy Commizsion, Sddional support was prosided by Lhe
Pazliic Earnthquake Engineering Researzh Conter and e Motianal Seisnce Fammdatian.

FEER Feport 1923/05
Facific Earthquake Engineering Research Center
GCollege of Engingering
Unlversity of California, Berkeley

COctober 1295






ABSTRACT

Three 550 k'V porcelzin transformer bushings were evalualed for thelr response to severs
earthquake shaking. The first bushing was similar to bushings currently in service in the United
States: the other two bushings were modified versions of the first bushing. The modifications o
the second and third bushings were intended to enhance seismic pedformance and included added
tiers of springs, increased preload, and stiffer gaskets. The dynamic properties, vibration
frequencies, and damping rattos of the bushings were evaluated from the experimental data. i'ni-
directional earthquake simulator testing was undertaken to investigate the dynamic response of
the bushings, to gqualify one of the modificd bushings for moderate carthgquale shaking (per IEEE
693-1907), and to evaluate the response of the other two bushings to extreme shaking effects. For
earthquake testing, the bushings were mounted at 20° to the vertical in a stiff support frame. Two
sets of spectrum-compatible ground motien records, derived from miotions recorded during the
978 Tabas earthquake in Iran, were used for testing. None of the bushings met the TEEE eriteria
for Moderate Level qualification. However, the response of the medified bushings was superior to
the response of the unmodified bushing.
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CHAPTER 1
INTRODUCTTON

1.1 Overview

Eecent major earthquakes in the United States (Northridge, 1994), Japan (Kobe, 1995} and Tor-
key (Tzrit, 1999) have demonstrated that the reliability of a power transmission and distribution
(T&D) sysiemn in a region exposed 1o earthquake shaking is dependent upon the seismic response
of its individual components. Poreelain transformer bushings, which are insulated conductors pro-
viding electrical connection between a high-voltage line and an oil-filled transfortner, have bean
vulnerable to mmoderate and severe carthguake shaking (EERI, 1935: Shinozuka, 1995), Bushings
are typiceily mounted on the tap of a transformer {see Figure 1-1) using a bolted flange connec-
tion.

The rescarch described in this report addresses the vulnerability of high-voliage 550 kKV porcelain
translormer bushings during moderate earthquake shaking. This work was made possible by a
partnership between the Pacific Carthquake Enginsering Research (PECR) Center and Pacific Gas
& Electric (PGA&E) that was formed to investigate the seismic reliability of wility lifelines,

This repart documents the seismic response of three 350 KV tmosformer bushings manulactured
by Asea Brown Bover (ABRB) of Alamo, Tennessee. The key objectives of the studies describad
in the following chapters were (o

1. Develop carthquake ground motion records suitable for the seismic evaluation, qualification,
and fragility testing of 350 kV bushings.

2. Test three 550 kV bushings on the earthquake simulator at the Pacific Earthquake Engincering
Research (PEER) Center using levels of earthquake shaking consistent with those adopted for
selsmic gualification and fragility testing of electrical equipment.

3. Analyze the data acquired from the sarthquake simulator tests (o serve four purposes: (8}
determine the dynamic propettics of the bushings, (b) evaluate the seismic response of the
bushings during moderale earthquake shaking, (¢) determine the failure mode of two of the
bushings subjected o sarthquake shaking (fragility testing), and (d) qualify the third 550 KV
bushing for moderate earthquake shaking,

4. Draw conclusions about (@) the perfornance of poreelain transformer bushings, (b) the likely
failere modes of & bushing during severe carthquake shaking, (2) the cfficacy of the improve-
ments incorporatad in the desipn of 550 k¥ bushings by the manufacturer, and (d) the utility
of the seismic gualification and fragility testing procedures set forth in IEEE 693-1997.

12  Seismic Qualification and Frapility Testing

Simctural and nonstructural components that do not lend themselves to analysis are often guali-
fied for use in specific applications by full-scale testing. Qualification has long been nsed by the
Noclear Regulatory Comnission (NRC) for equipment and hardware (2.g2., valves and snubbers}



i nuclear power plants, and by the Departments of Defense and Energy for rilitary hardware.
Qualification is a binary decision-making process: equipment or hardware either passes or fails.

The objective of (ragility lesting 15 to csiablish a relation between limiting states of response {e.g.,
electrical connectivity, gasket failure, and cracking of porcelain) and peak ground acceleration for
a selected piece of equipment. This information is then used o develop fragility curves that plot
the curnulative probability of reaching a limit state as a function of peak ground acceleration.

In Califormia, electrical equipment is seismically qualified using a standard developed by the
Institute of Electrical and Electronic Engineers (IEEE 693-1997). The IEEE standacd (IEEE,
1903 entitled JEEE 693-1997 Recommended Praciices for Seismic Design of SAubsiaiions details
procedures for gualification of electrical substation equipment for different seistaic performance
levels. The ey feamres of the draft standard as they pertain to this report are described in Section
3.2. Additionat information is presented in Appendix A.

1.3 ABB 550 KV Transformer Bushings

One Model 550X20000W (termed the pmmaodified bushing) and vwo Model 350SEIS2000-1
{termed the modified bushings) 550 kY wansformer bushings, manufactured by ABB Power T&D
Company, Inc., Components Division were tested as part of the research program described in this
report. Figure 1-2 is a photograph of one of the 550kV bushings installed in a mounting frame on
the PFEER sirmulator at the University of California at Berkeley.

The unmeodified bushing is similar to those currently in service at many substations cperated by a
nurnber of vtilities. The modified bushings are prototypes of a new line of 550 kK boshings that
incorporate three key changes to the unmodificd bushing that are intended to improve scismic
performance. The key changes are summarized in Table 1-1.

Table [-1 Key differences between modified and unmedified boshings

Property Ernmodifed busfiing Maodified bushings
Rushing prestrassing force *Standard prestress” 1.4 times *Standard prestress’
Post-tensioning dome springs sinple-tier multi-tier
Gasket at ﬂﬂl:lgi:‘- Elmn—tw Nitrile rabiber Rubber-lmpn::gnazad fiber and
porcelain joint O-ring seal

A longitudinal section through a typical 550 KV bushing is shown in Figure 1-3. The overall
length of the transfortner boshing is 2536.5 in. (&5 m). The segment of the bushing above the
flange plate (which protrudas above the top of the transfommer as seen in Figure -1} 15 191.5 in.
(4.5 m) fong and includes three porcelain insulator units (hereafter referred to as UPPER-1,
UPPER-2, ard UPPER-3), and a metallic dome at the 1op of the boshing {above poreelain nnit
UPPER-3). The porcelain units, the cast steel fiange, and the metallic dome are separated by gas-
kets. The segment of the bushing below the steel flange plate includes an extension of the flange
ptate, one porcelzin insulator, and an aluminum lower support. Anmular gaskets separate these
components, The flange, which is used to connect the bushing to the transformoer, is a steel weld-
ment with three lifting Ings to facilitate movement and installation of the bushing.



In cross section, the bushing has an aluminam cere, a mujti-layered kraft paper condenser
wrapped around the core; an annular gap between the porcelain and condenser that 15 filled with
an oil to provide clectrical insulation; and & porcclain insulator, ‘The bushing is post-tensioned
along its lomgitudinal axis theough the aluminum core. Springs in the metallic dome ensure a uni-
form distribution of compression around the perimeter of the porcelain units and the gaskets, The
vweight of the bushing is approximately 3,740 1b (16.6 KIV).

The unmodified bushing (Bushing-1) and the fitst of the two modifiad bushings (Bushing-2} were
desipnated for fragmiity testing. No electrical tests were planned foi these bushings. ABB did not
assign serial numbers to these bushings. The second modified bushing (Bushing-3) was built for
seismic qualification testing and passed the requisite elecirical tests before shipment to Berkeley.
ABD assigned serial number $C0I352507 to this bushing,

14  Report Orvganization

This report is divided into five chapters, references, and one appendix. Following the introduc-
tion, Chapter 2 provides information on the simulator used for earthquake testing, the mounting
frame desigmed to support the bushings duning testing, and a list of the transducers used to moni-
tor the response of the bushings. Chapter 3 describes the carthquake histories developed for gual-
ification and fragility testing. Chapter 4 provides a summary of the key test results. Chapter 3
includes a summary of the key findings and conclusions drawn from the research project. Refer-
ences are listed following Chapter 5. The IEEE Recommendad Practice for earthequake testing of
transformer bushings is summarized in Appendix A. Raw data and video images from all earth-
quake tests were supplied to Pacific Gas & Electric under scparate cover.
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CHAPTER 2
EARTHQUAKE SIMULATOR TESTING

s | Introdoction

Triaxial earthquake simulator testing was used 1o cvaluate the seismic behavior of three 550 kV
transformer bushings. The earthquake testing protocal for transformer bushings set forth in IEEE
693-1997 (IEEE, 1998} was adopted for this study, The following sections in this chaptcr describe
the earthguake simolator used for testing the bushings, the rigid mounting frame used to suppaort
the bushings during testing, and the instrumentation scheme nszed to monitor the response of the
bushings during earthquake testing.

2.2  Earthquake Simulator

The earthquake sitnulator at the Pacific Eanthquake Engincering Research (PEER) Center at the
University of California at Berkeley was used for the seismic evalvation and qualification studies
described in this report. The simuolator, also known as a shaking table, measures 20 ft by 20 it (6.1
by 6.1 m) in plan; the maximum payload is 140 kips (623 kKN). Models up to 40 ft (12.2 m) in
height ¢an be tested. The six-degree-of-freedom simulator can be programmed to reproduce any
waveform {e.g., sinvsoidal, white noise, carthqueake history). The maximum stroke and velocity of

the simulator are £5 in. (£127 mm) and 235 infsec (635 mmfsec), respectively,

2.3 Mounting Frame

IEEE 692-1997 states that bushings rated at 161 KV and above must be qualified using three-
component earthquake-simulator testing. Becatse it is impractical to test bushings mounted on a
transformer, IEEE specifies that bushings must be mounted on a rigid stand for earthquake testing
and qualilication. IEEE alse recommends that a trans{ommer bushing be tested at 20 degrees
measured from the vertical because a bushing, if so tested and qualified, is assumed to be
gualified for use on all irapsformers with angles from vernical to 20 degrees.

Figure 2-1 is a photograph of the mounting frame used for the carthquake simulator testing. The
fully welded mounting frame was specifically designed to suppart 550 &V bushipgs, and was
constructed of TE-5"x5"x3/8" colemns, L-3"x5"x3/4™ braces, and a 2-in. (31 mm) thick steel
mounting plate (sloping at 20 degrees to the horizontal). The mounting frame was post-tensioned
to the earthquake simulator platform using fifteen 1-in. (25 mm) dizmeter high-strength threaded
rods. A speecial 1.75 in. (44 mm) adaptor plate was designed and fabricated to connect the flange
plate of the 550 KV bushings to the support frame. Twelve 1-1/4 in. (32 mm) diameter high-
strength bolts were used for the adaptor plate-to-mounting plate connection The flange of the
bushing was joined to the adaptor plate with twelve 3/4 in. (19 mm) diameter Grade 2 steel bolts
fequivalent to A307T steel) torqued te 100 fi-1b {1356 N-m) per the ABE installation specification.
The support frame was designed to be extremely stiff to minimize the amplification of the
simulalor input ta the bushing. Table 2-1 reports the computed analytical modal properties of (a)
the frame alone and {b) the frame including the mass of the 550 KV bushing.



Table 2-1 Modal properties of moundng frame by analysis

Fragquency (Hr)
Mody Fredominant direction Frame anfy Frame and Bushing
1 X 78 &0
2 kil Ti SR
3 Z 25 37
4 8, 113 107

1. See Fizure 2-2 for coordinats systern
24 Instrumentation

For scismic testing, IEEE 693-1997 states that porcelain bushings must be instrnmeniad 1o recond
{2) maximum vertical and horizontal accelerations at the top of the bushing, at the bushing flange,
and at the top of the carthquake simulator platfonm, (b) maximum displacement of the wop of the
bushing relative to the flange. and (&) maximum porcelain stresses zt the base of the bushing near
the flange.

The insteumeniation scheme developed for the tests deseribed in this report exceeds the IEGE
requirernetis. Fifty-four channels of data were recorded for each test. Table 2-2 ]ists the channel
number, instrument type, response quantity, coordinate system, and location for each transducer.
Fignre 2-2 presents Information on the instrumentation of the earthquake simulator platfortn
{Figore 2-2a), the bushing and the mounting frame (Fizure 2-2b), and the porcelain unit
immediately above the flange (TPPER-1) of the bushing (Figure 2-2¢). The global (X, Y, Z} and
local {x, ¥, £) coordinate systems adopted for the testing program are shown in the figure. Figure
2-3 shows the jnstramentation at the base of ane of the 550 &V bushings and Figore 24 is a
photopraph of the instrumentation immediatcly above the flange plate. i

Sixieen: channels (channels 3 through 18) recorded the acecleration and displaccment of the
earthquake simulator platform in the plobal ceordinate system. The accelerations of the monnting
frame in the loczd coordinare system (channels 28, 29, and 30) and the gbsoluie displacements of
the mounting frame in the global coordinate system {channels 37 and 38) were recorded. The
accelerations of the bushing in the local coordinate system (channels 19 through 27} and the
absolute displacements of the bushing in the global coordinate system (channels 31 through 36)
were measured at the top, midheight, and bottormn of the bushing. Four strain pages (channeis 39
through 42) monitored the axial strains in the UUPPER-1 porcelain unit. Four displacement
transducers (channels 43 through 46), located immediately below the gasket, measored the radial
ship of the flange plate relative to the support frame. Another four disptacement transducers
{channels 47 through 50), located immediately above the gasket, measurcd radial slip of the
UPPER-1 porcelain unit relative to the suppor frame. The relative slip of the porcelain over the
(lange plate was computed using these eight transducers. Four displacement transducers (channels
51 through 54) recorded UPFER-1 displacements across the pasket, paralle]l to the axis of the
bushing. .



Table 2-2 Instrumentation for 550 k'V bushing tests

Chennel 3 Response Coordinate Sysiem Transducer
Number Transducer Ouankiy and Orientation Locatian

1 - daie -

2 - tirne -

3 LVDT table dizplacement global X simulator platform
4 VDT 1able displacenent plobal Y simulator platform
3 IVDT table displacement global X simulator platform
L4 LvDT table displacenient global Y simulator platform
7 IvVDT table dizplacement glohal Z simulator platform
5 VDT 1able dizplacement global Z. simulator platform
9 LVDT table displacemienl global 7 simulator platform
10 LVDT 1able displacement global Z simulator platform
11 A table acceleration global X simulater platform
12 A tahle acceleration global X sirnulator platform
13 A table acceleration global Y simulator platform
14 A table acecleration global Y simulator platform
13 A table acceleration global 7 simulator plattorm
16 A table zecelcration plobat 7, simulator platform
17 A table acceleration global Z simulater platform
18 A table acceleration global Z simulator platfomm
19 A bushing acceleration local x bottom of bushing
pall A bushing acceleration [ocal y Lottom of bushing
21 A bushing acceleration local 2 bottom of bushing
22 A bushing accelemtion local x midheirht of bushing
23 A bushing acceleralion local y midheight of bushing
24 A bushing scgeleration local z midheight of bushing
25 A bushing acceleration local x top of bushing

26 & bushing acceleration localy top of bushing

7 A bushing acceleration local z top ol bushing

28 A frame acceleration loeal x top of tnounting frame




Table 2-2 Instrumentation for 350 kY bushing tests

Channe! Fransducer! Re.rparfse C'aardiutlrre Syfe‘em Trausdfn:fr

Mumber Quantity and Orientation Lacarion
29 A frame acceleration (=1 top of mounting frame
1) A frame acceleration local z top of mounting frame
31 LP bushing displacement plobal X bottom of bushing
Y LP bushing displacement elobal T bottom of bushing
3 LF bushing displacement Elabal X midh=ight of bushing
34 LP bushing displacemant clobal ¥ midheight of bushing
35 LP bushing displacement global X top of bushing
36 I.P bushing displacemeant global Y top of bushing
37 LP frame displacement labal 3 top of mounting frame
iz Lp frame displacemeni global Y top of mounting frame
30 SG porcelain strain - UMFER-] porcelain wnit
Al 3G porcelain strain - UPFER-1 porcelaio unit
41 8G porcelain sirain - UPFER-] porcelain unit
42 5G poreelain sirain - UFPFER-1 porcelain unit
43 DCDT flange plate slip relative 1o frame UPTER-1 porcelain urgit
+ DT flangze plate slip relative 1o frame UPFER-1 porcelzin unit
45 DCDT flange: plate slip relative to frame UUFPER-1 porgelain unit
46 DCDT flange plate slip relative to frame UI'FER-1 porcelain unit
47 BCDT VPFER-1 slip relative to frame UPFER-1 porcelain unit
] DCDT ETFPEFR.-1 clip relative to frame UFFER-1 porcelain unit
40 DCnT UUPPER-T slip rlative to frame UUPPER-] porcelatn unit
50 DCDT UPPER-1 slip relative 1o frame UPPER- porcelain umit
51 BCDT longitdinal uphit elative to frame UPFPER-] porcelain umit
52 DCDT longimdinal uplift relative to frame UPPER-1 porcelain unit
53 DLBT longimdinal uplift relative to frams UFPER-] porcelait unit
54 nCDT longimdinal uplifi relative to frame UPPER-1 porcelain unit

1. A =accelerometer; LVDT = displacement transdacer; LP = Bnear potentiometar; 56 = strain
page; DCDT = displacement transducer
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CHAPTER 3
QUALIFICATION AND FRAGILITY TESTING

31 Iniroduction

Recorded earthquake ground motion histories were used to evaluate the seismic response of the
three 550 KV transformer bushings (hereafter termned Bushing- 1, Bushing-Z2, and Bushing-3). The
following section describes the requirements of IEEE 693-1%97 (IEEE, 1998) for the gualification
of transformer bushings and the procedures used to develop earthguake histories for testing.

3.2  1EEE 693-1997 Requirements for Bashing Qualification

Three types of earthguake-simulalor testing are identified in IEEE 693-1997 for the seismic qual-
ification of transformer bushings: (a) sarthquake ground mations, (b) resonam frequency search,
and {c) sine-beat {esting. Eacthquake ground motion tests (termed time-Fistory shake table tests in
IEEE) and resenant frequency tests are mandatory. Information on these two types of tests follow.

3.2.1 EResomant search tests

Sine-sweep or broadband white noise tests aze used to establish the dynamic characteristics
(natural frequencies and damping ratios} of a bushing, These so-called resonant search tests are
underiaken using uni-directional excitation along each global axis of the earthguake simulator
platiorm. If only broadband white noise tests are performed, the amplitude of the white noise
must not be less than 0.25g. If only sinc-sweep tests are used, IEEE 653-1997 specifies that the
resonant search be conducled at a rate not exceeding one octave per minute in the range for which
the equipment has resonant frequencies but at least at 1 Hz; frequency searching above 33 Hz is
not required. Because both sine-sweep and white-noise tests were used in this testing program o
identify the tnodal properties of the transformer bushings, the recommendations of IEEE 693-
1597 were not followed exactly.

The history for the banded white-noise tests was prepared using a random signal generator. The
sine sweep history was developed using a rate of two octaves per minute. (At two octaves per
minute, the input frequency doubles every 30 seconds.} A continuous frequency function was
used to develop the sine-sweep function

x(t) = xﬂsin(Zn]:%]Zﬂm) (3-1}

where x is the displacement, and x; is the maximum displacement. For both sine-sweep and
white-noise tests, a simulator inpot acceleration of 0.1g was used.

322 Earthquake test response spectrm
IEEE 693-1997 identifies several response spectra of identical shape but differemt amplinedes for

the qualification of transformer bushings. These spectra are described below; a more detziled
description is presented in Appendix A.
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Test Response Spectrum (TRS). For eantbquake simulator testing, IEEE 693-1997 states that the
TRS for each horizontal carthquake motion must match or exceed the target spectrum and that the
TRS for vertical earthquale maotion be no less than EO percent of target speetrum. [EEE 693-1997
recommends that 2-percent damping be used for spectral matching and requires at least 20
seconds of strong motion shaking be present in cach eatthquake record. Earthquake motions can
be established wsing either synthetic or recorded histories. Recorded motions formed the basis of
the earthguake histories used to test the 550 kV bushings.

Performance Level (PL). IEEE 693-1997 represents a 'L for substation equipment by a
response spectrom. The PL. represents the expected level of performance when a piece of
equipment 15 gualified to the RRS and meets the requirements for allowable stress design. The
two PLs relevant to California are Meoderare and High, The Moderate PL was selected by PG&E,
ABB, and PEER {fo7 the studies reported herein. Equipment that is shown to perform acceptably
in ground shaking consisient with the Moderate Seismic Performance Leve] (see Table 3-10 is said
0 be seismically qualified o the Modarare Laval.

Required Response Spectrmm (RRS) It is often meither practical nor cost effective to test
components to the Moderate PL. As such, TREE 693-1997 permits equipment to be tested using a
reduced level of shaking called the RRS. The shapes of the RRS and the PL are identical, but the
ordinates of the PL are twice (referred to as performance factor in TEEE 693-1997) that of the
ERS. Equipmment tested or analyzed using the RES is expected to have acceptable performance at
the FL. This assurnption is checked by measuring the stresses obtained from testing at the RRS,
and {a) comparing the stresses to 50 percent {equal to the inverse of the performance factor) of the
ultimate strength of the porcelain (assumed to be brittle) or cast 2luminum components and (h)
using 2 factor of safety against yield combined with an allowance for ductility of steel and other
ductile materials.

Test Response Spectra for Mounted Equipment (YRSME). To account for the amplification of
earthquake motion due to the influence of the transformer body and local flexibility of the
transformer near the bushing mount, IEEE 693-1997 states thal the input molion as mcasured ai
the bushing flange shall match a spectrum with ordinates twice that of the RRS, termed herein as
the TRSME. For this level of shaking, IEEE 683-1997 states that the stresses in the porcelain
components must be less than 50 percent of the ultimate stress, and the factor of safety azainst cii
lealeage must be grealer than or equal to 2.0,

An alternate approach that is identified in Annex D5.1{d) of IEEE 693-1997 was used for the
sluedies repored herein. Namely, sarthquake histeries with spectral ordinates twice those of the
TRSME were used for testing: the target peak horizontal acceleration at the bushing flange was
1.0g. Porcclain stresses at this level of earthquake shaking were required o be less than or equal
1o the ultimate value, and there was to be no evidence of oil leakage. The spectrum for this motion
15 shown in Figure 3-2 and is the same as the Moderate I'L. spectrum.

The key requirements of JEEE 693-1997 for qualification and fragility testing of bushings are
summiarized in Table 3-1.

16



Table 3-1 IEEE earthquake-history te:sténg requirements for Moderate Level qualification

Peak Ground Acceleration Commernts
05 Moaderate Seismic Parformance Level (PL) for substation
~E equipment
0.25 Required Response Spectrum (RRE) for Moderate Seis-
o8 mic Performance Level for snbstation equipment
0.5 Test Response Spectrum for mounted equipment
08 {TREME) for Moderate Seismic Performatee Level.
10 Response spectrum for checking poreelain stresses and
e oil leakage for bushings mounted on transformers.

3.2.3  Earthguake ground motions

The carthquake histories psed for the qualification and fragility testing of the 550 k¥ bushings
were developed using the three-component set of near-fault earthquake mations recorded duning
the 1978 Tabas earthquake. Figures 3-3 through 3-5 present the acceleration history, power
spectrum, and psewdo-acceleralion response spectra for the three components of the Tabas record.
The amplitede of each history (X-, ¥-, and Z-) record was normalized to a peak acceleration of
1.0g. The power spectrum for cach history has moderate bandwidth. The 2-percent and 5-percent
daraped IEEE spectra for Moderate Level gualification, anchored to a peak ground acceleration of
1.0g are also shown in the fipures. The response-spectrum ordinates for each normalized
earthguake history exceed the target IEEE values for frequencies preater than 2 to 3 Hz and drop
below the target values for frequencies less than 2 He.,

To oblzin TEEE 693-1997 spectum-cotnpatible normalized histories, the onginal Tabas
acceleration records were modified using a non-stationary response-spectrun matching technique
developed by Abrahamson (Abrahamson, 1996). In traditional spectrum-matching routines,
adjustroents are performed in the frequency domain. Specifically, the original acceleration record
15 mansformed into the frequency domain, the amplilnde of the Fourier spectrum is adjustad at
each frequency to match the target value, and the record is then transformed back into the time
domain. Twe key disadvantages of the frequency-domain method are that the modiied
earthquake history rarely resembles the oripinal earthquake history, and that frequency leakage
often makes convergence 1o the target spectum difficult, Abrahamson’s time-domain method is
based on the algorithm propesed by Lilhanad and Tseng {1988) wherein short-duration wavelets
are added to the original earthgoake history at optimnal times in the history to match the spectral
amplitude at cach frequeney to the target value, The modified history gencrally rescmbles the
onginal earthquake history and frequency leakage is negligible.

The testing of 196 KV ADRD boshings {Gilani, et al, 1998) at Derkeley utilized spectrum-
compatible earthquake histotics devieloped using the Abrahamson technique. The resulting
spectra matched the target spectium across @ broad frequency range (G.1 Hz to 100 Hz). Because
the maximum displacement and velocity of the sirmulator platform are 5 in. (127 mm) and 25 inf
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see (035 mmfsce), respectively, the spectum-compatible motions were high-pass filtered
(removal of low-frequency content) to reduce the peak displacements and wvelocities of the
sirmulator platform. However, the resnlting power spectra of the fillered histories were narrow-
banded, and not representative of strong earthquake ground motion,

A different strategy was vsed to develop earthquake histories for the siudies repocted herein. This
strategy combined the Abrahamson spectrum-matching algorithm and frequency-domain
apezoidal high-pass filters. Input ground motions to the simulator were developed in a three-step
process as follows, First, the original earthgnake history was high-pass filtered to remove low
frequency content (see Table 3-2} such that the maximum displacement and velocity of the
iiltered history were approximately equal to 3 in, (127 mm) and 25 infsee (635 mmfsec),
respectivelyv. (All content below the cut-off frequency was eliminated; all content abave the
comer frequency was retained; and content between these frequencies was multiplied by a
linearly increasing value that ranged from zero at the cut-ofl frequeney o unity at the comer
frequency. The cut-off frequencies were much smaller than the resonant frequency of the 350 kY
bashings [known to range between © Hz and 9 Hz]. Removal of such low-frequency components
from the input signals to the simulator is known to bave 2 negligible impact on the dynamic
response of the bushings.) Second, the filtered earthquake history from step one was matched to
the target spectrum for {requencies graater than the comer frequency of the trapezoidal filter using
the Abrabamson algortthm. Third, the specttum compatible motions from siep two were high-
pass filtered to exactly himit the maxitnum displacement and veloeity to 5 in. (327 mm} and 25 in./
sec (B35 mm/sec), respectively.

Two independent sets of three earthguake histories (Tabas-A and Tabas-B) were generated using
the above procedure, Tabas-A was used for all stmulations up to and incloding the Moderate
Leve] qualification for which the target simulator acceleration was 102 (see Table 3-2). Tubas-B
was used for all other tests up to those cortesponding to High Level qualification for which the
target acceleration was 2,0g. Table 3-1 summarizes the step-onz filter frequencies unsed to
renerate the Tabas-A and Tabas-B histenes. Figures 3-6 through 3-8 present the acceleration
history, power spectrum, and response specira for the three specttum-compatible Tabas-A
records. Figures 3-9 through 3-11 present the same information for the three spectrom-compatible
Tabas-B records.

Table 3-2 Idigh-pass filter frequencies for earthquake histories

Fiiter frequencies (Hz)

Set Companent Cut-off Carner
X |RE 1.5
Tabas-A ¥ 1.3 1.5
Z 1.0 1.5
X 2.0 2.5
Tabas-B ¥ 2.2 25
Z 22 25
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CHAPTER 4
SUMMARY OF EXPERIMENTAL DATA

4.1 Overview

The objectives of the testing program were to evaluate the seismic behavior of 350 kV
transformer bushings by testing Bushing-1 and Bushing-2 to failure, to qualify Bushing-3 to the
Moderate Level, and o evaluate the efficacy of manufacturer-detailed modifications to 350 kV
bushings (Boshing-2 and Bushing-3). The key medifications are listed in Table 1-1. For seismic
testing, each bushing was instabled in the rigid mounting frame described in Section 2.3 A
photograph of one of the bushings installed in the mounting frame is presented in Figure 1-2.

The following sections summarize the dynamic propenies and the seismic response of the
bushings. Section 4.4 discusses the qualification of Bushing-3. Section 4.5 presents fragility data
for Bushing-1 and Bushing-2, and critigues the TEEE 693-1997 procedures for fragility testing of
substation equipment.

4.2  Dhynamic Properties of 550 kY Bushings

Sine-sweep and white-noise (ests were used to calcrlate the modal frequencies and damping
ratiog for each bushing. Matlab (Mathworks, 1599) was used to process the experimental data.
The data was zero-corrected and low-pass filiered with a corper and cut-ofl frequencies of 30 Ha.
Figures 4-1 to 43 show the transfer functions between the upper tip of the bushing and the
mounting frame in the three local directions (x, ¥ z) for Bushing-1, Bushing-2, and Bushing-3,
respectively. The 1esonant frequency in the lecal x- and y-direetions is approximately 8 Hz.
Damping ratios of approximately 4 percent of critical were obtained using the half-power
bandwidth method.

Table 4-1 summarizes the measured dynamic properties of the bushings. Modal data could not be
determined for the local z-direction. The modal frequencies differ slightly in x- and »- directions
due to the unsymmetric distribution of lifting Iugs immediately above the flange plate.

Table 4-1 Modal properties of bushings from sine-sweep tests

Freguency (Hg) D?'g: :ﬁi‘ﬁfﬂ
Brshing x-dirsction | y-divection | x-direction | v-direction
1 32 7.9 4 4
z 5o 8.2 4 4
3 8.0 7.8 4 4

28




4.3  Earthquake Testing of Bushing-1, Bushing-2, and Bushing-3

4.3 Imtroduction

The list of earthquake tests and key observations for Bushing-1, Bushing-2, and Bushing-3 are
listed in Tables 4-2 to 4-4, respectively. After each earthguake test, the response data were
analyzed, the bushing was inspected for damage and oil scepage, and the bolts joining the bushing
flange plate to the adaptor plate, and the adaptor plate to the mounting plate, were checked for
tightness, All bolts weare found vo be tight for all tests.

Table 4-2 Summary of earthquake tesiing of Bushing-1

TestNo. | Testdate | identificarion®’] PGA? Comments
1 Q320402 WN-X 0.1g
2 03/20/90 WK-Y D.lg
3 03729199 WN-Z 0.1g
4 {5/29/00 55-X 0.1g
5 03429190 B&-Y 0.1p
a 0342009 85-Z 0.1
7 0372900 Tabaz-A 0.l1g
5 03/30/09 Tabas-A 0.3p
g 03430799 Tabas-A 03g
10 03£30/99 Tabas-A 05z Oil leak ai the gacket connection®.
12 03430795 Tabas-A 07g Cil leak and slip of poreelain above gasket.
B 13 (3431499 55-X f.lp ?aitl:i i?;:;‘:;ﬂnms shipping ring arpund
14 03/31/9¢ 55-Y O.lg
15 034315499 55-Z 0lg
16 Q3731100 Tabas-4 0.7z il leak at gasket connestion
1 | owmme | mawasa | o | Lawesticfporeeln over gkt roadon of

1. W = white noise, S8 = sine sweep; -2, -¥, and -Z denate direction of testing in global coardinale
system: Tabas-A = spectmm-compatible Tabas-A earthquake histories, Tabas-B = spestrum-

compatible Tabas-B earthquake histories

2, PGA = tarpet peak aceeleration of the simulator platform

3. Cannection of UPPER-1 porcelain unit to the flange plate
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Table 4-3 Summary of earthquake testing of Bushing-2

ﬁ:’ Testdate | Hdemification’ | PGA? Comments
1 04/05/99 WN-X 0.1g
2 04/D5/99 WN-Y 0.1g
3 04/05/99 WN-Z 0.1p
4 044599 58X 0.1z
5 040599 55-Y iz
6 04/05/99 S5-7 Dig
7 04105599 Tabas-A 0.1g
g G4/D5/59 Tabag=A O.2g
G (k0399 Tabuas-A 0.3z
10 04/05/99 Tabas-A 0.5¢
11 04/05/99 Tabas-A 0.7s
12 04/02/95 Tabas-A 1.0g
il leak at the gasket connection’; large ship of
13 04/03199 Tabas-B 1.2g UFPER-1 porcelain unit over the flange plate;
pasket visible; see Figure 4-5,

1. W = white noise, 35 = sine sweep; -X, -Y, and -Z denote direction of testing in global coordinate
system; Tabas-A = spectrum-compatible Tabas-A earthguake histonies; Tabas-B = spectrum-
compatibls Tahas-B earthquake historizs

2. PGA = target pesk aceeleration of the simulator platferm

3. Comnection of UPPER-1 parealain unit to the flenge plate

The following subsections present peak responses of the mounting frame and the bushings; data
related 10 the qualification and fragility testing of Bushing-1, Bushing-2, and Bushing-3: and local
response characteristics of the bushings measured at the junction of the UUPPER-1 porcelain unit
and the flange plate.

4.3.2 Peak Responses

The transducer response histovies were processed using the computer program Matlab
{Mathworks, 1999). Experimental histories were low-passed filtered using a rectangular filier
with a cut-off frequency of 30 Hz and then zero-corrected if necessary.

The peak acceleration responses of the mounting frame and the bushings are presented in Tables
4-5 and 4-6, respectively. Only the peak responses at the upper tip of each bushing are reported;
the maximum accelerations at the base of the bushings were always less than those at the upper

tip.
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Table d4-4 Summary of earthquake testing for Bushing-3

TestNo. | Testdate | Mewification' PA? Conpnents
1 Da720/99 85-X O.lg
2 04/20/99 S5-Y 0lg
04/20/99 55-Z 0.l

Slight slip of porcelain; no evidence of oil leak.
spectral amplitods Jower than targer vaioe at
bushing frequency of appraximately 8 Hz;
adjust zimalator span seing and retest.

4 4f20/99 Tabas-A 1.0g

Moticeable slip of porcelain over the gasket

5 04720/99 Tabas-A 1.0 connection; pasket visible; significant oil
leakape; see Fipures 4-6 and 4-7,

1. WN = white noise, 58 =sine sweep; -X, -Y, and -Z denote direction of testing in glaba? coordinare
systom; Tahas-4 = spectmm-campatible Tabas-A emtheuake histories, Tabas-B = spectium-
compatible Tabas-B sarthgnake histories

2. PGA = tarpet peal acceleration of the simulator platform
3. Connection of UPPEE-1 poreelain unit to the Hange plate

The peak displacement responses of the bushings relative to the mounting [rame are presented in
Table 4-7. Cnly the peak responses in the glokal X-direction and glebal Y-direction at the upper
tip of each bushing are reported; the maximum displacements at the base of the bushings werc
always Iess than those at the vpper lip.

A total of sixteen transducers measured porcelain strain {channels 39 through 42), radial motion
of the flange plate with respact to mounting fratme (channels 43 through 46), radial motion of the
UPPER-1 porcelain unit with respect to mounting frame {channels 47 through 503, and local
verical motion of the UPPER-1 porcelain unit with respect to the flange plate {channgls 51
through 54). Maximum values, comptited as the peak value of the four transducers, for porcelain
strain, local UPPER-1 radial mation, and loce] UPPER-1 vertical motion, are presented in Table
4-8.

4.3.3 Response af the Mounting Frome

The roounting {rame was designed o be ripid and thes not amplify the motions of the earthquake
simularor. Figure 4-8 shows the mounting frame-to-earthquake simulator transfer funetions {in the
X-, Y-, and Z-directions) calculated from the sine-sweep tests of Bushing-1 (Test Numbers 4
through &). The mounting-frame aceelerations were transformed into the global coordinate system
for these caleulations. If the mounting frame were truly ngid, the transfer function would be flat
with a vilue equal to 1.0 across the entire frequency range. The transfer functions show little
amplification of meton in the frequency range of ¢ to 10 Hz, but significamt amplification of
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Table 4-5 Peak accelerations of the mounting frarme

Peak Acceleration (g}

! Busking | Test No. | Hdentificarion’ | PGA? | zdirection® | y-direction® | z- direction®
1 ’ Tabas-A 0.1¢ .21 D33 0.16
1 8 Tabas-A 0.2k 037 0.43 0.24
1 o Tabas-A 0.3g .31 0.47 0.27
1 i Tabas-A 0.5 .65 0.635 0.4%
1 11 Tahas-A 0.5g .50 0.65 0.47
1 12 Tabaz-A 0.7g 082 0.79 092
1 16 Tabas-A 0.7e 024 0.26 072
1 17 Tabas-4 1.0g 1.23 1.00 026
2 7 Tabaz-A 0.1 0.21 .30 0.17
2 B Tabas-A 0.2g 038 46 0,24
2 9 Tabas-A T 0.57 0.57 0,29
2z 10 Tabas-A 0.5 072 0.65 046
2 il Tabas-A 0.7 1.00 0.73 0.66
2 12 Tabas-A 1.0g 1.15 1.04 1.9%
2 13 Thbas-B 12g 1.22 1.26 026
3 . Tabas-A 1.0g 1.32 1.03 0.x0
3 3 Tabas-A 1.0g 145 1.63 133

1. Tabas-A = speetrnm-compatible Tahas-A canthquake histories; Tabas-B = spectrum-compatible
Tabas-B carthquake histooes

2. PGA = tarpet peak acceleration of the simulator platfomm
3. Local coordinate system

horizontal motion for frequencies between 10 and 20 Hz. For reference, the fundamental
frequency of the bushing in the x- and y- directions was approximately 8 Hz. For such a froquency
the amplitude of the transfer functions range in value between 0.8 and 1.2. Accordingly, the

mounting frame can be assumed to be rigfd for the purpose of the experiments described below.

The amplification of horizantal motion above 10 Hz is due to rotational accclerations of the
sirnulator platform which produce translational accelerations in the mounting f{rame. The
rotational aceelerations of the simulator platferm are related to the oil-column frequencies of the
vertical actuators thak support the platform: the pitch and roll frequencies of the simwlator are in

the range of 13 to 18 He.
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Table 4-5 Peak acceleration responses of the upper tip of the bushings

Peak Acceleration (g)
Bushing | TestNe. | Jdentification! | PGA? x-direction® | w-direction® | Maximum®
| 7 Tabas-A Al .00 1.12 1.12
1 B Tabas-A 0.2p 1,34 1.64 1.87
1 & Tabas-4A 0.3 1.48 168 2.10
1 10 Tabas-4, 0.5g 1.95 120 2.12
! il Tabas-A 0.5g 1.24 1.93 222
1 12 Tabas-4 0.7 2.43 218 2.52
1 16 Tabas-A 0.7 230 2.33 2.36
] 17 Tabas-A 1.0¢ 264 293 2.96
2 7 Tahas-A tlg 0.9% 1.07 1.32
2 g Tabas-A 0.2z 1.21 1.60 1.9%8
2 o Tebas-A 0.3z 1.61 2.08 236
Z 10 Tabas-4 0ag 224 2.39 2.62
2 11 Tabas-A 07 265 2.36 2.9%
2z 12 Tabas-A 1.0 3.6% 4.04 4 04
2 13 Tabas-B 1.2g 4.04 6.40 .46
3 4 Tabas-4 1.0g 3.56 381 SR |
3 5 Tabas-A 1.0g 302 4.13 4.17

1. Tabas-A = spectrem-compalible Tabas-A earthquake histories; Tabas-B = spectrum-compatible
Tabes-B earthquake histories

2. PGA = tarpet peak acceleration of the simulator platform
3. Local coordinate system

4. Maxlmum vector value calculated al each time step 1o the response bistory

4.34 Response of Bushing-1

The global response of Bushing-1 was assessed by analysis of data from Test Number 17 (Tabas-
A, target PGA equal to 1.0g). Fipure 4-9 presents the translation histories in the global X- and Y-
directions of the vpper tip of Bushing-1 relative to the mounting frame. The maximurn relative
displacement between the bushing tip and the mounting frame was 2.20 in. (36 mm). The
maximum total aceeleration at the upper tip of the bushing was approximately 3.0g. Acceleration
response spectra for Bushing-1 in the local cootdinate systemn, generated using meagured
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Table 4-7 Peak relative tip dispiacement of the bushing relative to the mounting frame

FPear relative displacement fin}
Bushing | Test No. | Mentification’ PGA* X-direction’ Y-direction® Mazimum™
1 7 Tabas-A 0l 020 032 0.32
1 g Tabas-A 0.2 0.23 0.31 0.32
1 o Tabas-A 03g .26 030 0.40
1 14} Tabas-4 5g (46 0.54 0.57
1 11 Tabas-A 0.5g o047 .67 .69
i 12 Tabas-A 07g 0.93 0.95 1.11
1 16 Tabas-A 09g 078 0.88 0.94
1 17 Tabas-A 1.0g 1.70 L5l 220
2 7 Tabas-A 0ig 0.17 0.23 .25
2 2 Tabas-A 02 0.23 0.30 0.35
Z 9 Tabas-A 0.3g .24 0338 0.41
2 10 Tabas-A 0.5g 037 047 047
2 11 Tabas-4 0.7g 0.50 0.58 0.64
2 12 Tabas-A 1Ldg 039 114 1.14
2 13 Tabas-B 1.2g 0.97 1.67 1.68
3 4 Tabas-A 1.0g 051 139 1.35
3 5 Tabas-A 1.0g 1.44 215 2.40

1. Tebas-A = spectmim-compatible Tabas-A earthquake hisiories; Tabas-B = spectrum-compatible
Tabas-B eatthauake histores

2. PGA = tarpet peak accelermtion of the simopiator platform
3. Global coordinate system

4, Maximum vector value calenlated at each step in the response hizstory

acceferation histories at the flange plate are shown in Fipure 4-10. The zero-period accelerations
for these specira are given in Table 4-5. For information, the 2-percent and 5-percent damped
IEEE 693-1997 response spectra for Moderate Leve] qualification (sce row 5 of Teble 3-1) are
also shown in this figore,

Figure 4-11a shows the relation between the average vertical displacement in the local z-direciion
and rocking about the local y-axis. The average vertical displacement in the z-direction was
calculated as one-half of the sum of the channel 51 and channel 53 displacements. Rocking ahout
the local y-axis was caleulated as the difference betwesn the channsl 51 and 53 displacements
divided by the 36-in. (714 mm) dislance between these transducers. Figure 4-11b shows the
relation hetween the averaye vertical displacement in the local z-direction and rocking about the
local x-axis. The average vertical displacement in the g-direction was calculated as one-half of the
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Table 4-8 Peak local responses of UPPER-1 porcelain uniis

Maximum ?’{!‘JPEJHEE‘S
Tuss . Pon:e.fai'n . Radial _ Vertical
Nurber Dushing | Identificaion® PGAE strain dug!'acemam d';spifacfrmm!
{1ee) {inches) {inchas)
1 7 Tehas-A Dig 14 [ 0010 0.005
1 Tabas-A 02g 22 0.014 0.402
1 Tabas-A 0.5g 27 0.0 % 0.013
1 10 Tabas-A 0.5g 36 0.036 0.024
1 11 Tabas-A 0.5g 33 D.051 0.028
i 12 Tabas-A 0.7¢ 47 0261 | 0053 |
1 16 Tahas-A 07 &7 0.040 l 0.040
1 17 Tabas-A 1.0g 100 0.410 || 0.090
2 7 Tabas-A D.1g 15 0.007 i 0004
2 Tabas-A 0.2¢ 19 001l 0.007
2 Tabas-A 0.3g 22 0012 0.010
2 10 Tabas-A 0.5g g RGNS 0.014
2 11 Tabas-A 0.7c 31 0.020 . D.O1E
2 12 Tabas-A 1.0g 74 5.041 0.036
2 13 Tabas-B 1.2p 149 0.520 0.100
3 4 Tabas-A 1.0g 76 0.060 0.0:10
3 5 Tabas-A 1.0g 430 1.100 0.126

1. Tabas-A = spectmm-compatible Tabas-A carthauake histories: Tabas-B = spectrum-compatible
Tabas-B earthquake historfes

2. PGA =target peak acceleralion of 1he simalator platform

3. Local coordipate system; maximum displacement relative to flange plate for eazh test after zere-
comection

sum of the channel 52 and channel 54 displacements; the rocking about the Iocal x-axis was
calcuiatzd as the difference between the channel 52 and 54 displacements divided by the 36-in.
{914 mm) distance between these transdocers. The maximum uplift at the edge of porcelain unit
(listed in Table 4-8) can be computed by adding the product of the rocking angle and the radivs of
the UPFER-1 porcelain unit, at the flanpe plate, w the average longitudinal displacement.

Figure 4-12 presents the zero-comected displacement orbit of the center of the bushing, measured
at the height of the radial displacement transducers, relative to the flange plate, The coordinates
(x,v} of the UPPER-1 porcclain unit at the start of the test {comesponding to prior slip of the unity
were (.12, 0.20) inch. The predominant relative displacement of the bushing lies alonj an axis at
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45 degrees to the local x-axis and y-axis of the bushing. It is noted that both the shear deformation
in the gasket and the slip of UPPER-1 porcclain over the gasket contribute 1o the displacement
orbit. At the conclusion of the test, the coordinates of the unit were (0.12, 0.32) in,, corresponding
to 20,35 in. (9 mm) of total slip.

4.3.5 Response of Bushing-2

The global response of Bushing-2 was assessed by analysis of data from Test NMumber 13 {Tabas-
B, target FGA equal to 1.2g). Figure 4-13 presents the translation histories in the global X- and Y-
directions of the upper tip of Bushing-2 relative to the mounting frame, The maximum relative
displacement between the bushing tip and the mounting frame was 168 in. (43 mm). The
maxtmum total acceleration at the upper tip of the bushing exceeded 6.4g. Acceleration response
spectra for Bushing-2 in the iocal ¢oondinate system, generated using measured aceeleration
histories of the flange plate are shown in Figure 4-14. The zero-period accelerations for these
spectra are given in Table 4-5. For information, the 2-percent and 5-percant damped IEEE 693-
1997 response spectra for Moderate Level qualification (see row 5 of Table 3-1) are also shown in
this figure.

Figure 4-15a showe the relation between the average vertical displacement in the local z-dicection
and rocking about the local y-axis. Figure 4-13b shows the relation betwesn the average vertical
displacement in the local z-direction and rocking about the local x-zxis. Rocking of the UPPER-1
porcelain nnit was accompanisd by translation in the local z-direction. Such tramslation of 0.03
inch {C.8 mm) likely led to oil leakage.

Figure 4-16 presenis the zerg-corrected displacement orbit of the center of the bushing, measured
at the height of the radial displacement transducers, relative to the flange plate. The epordinates
(x.¥) of the UPPER-1 porcelain unit at the start of the test (corresponding to prior slip of the unit)
were (0.06, 0.08) inch. The predomanant relative displacement of the bushing lies along the local
y-axis of the bushing. It is noted that both the shear deformation in the gasket and the ship of
UPPER-1 porcelain over the gasket contribute 1o the displacement orbit. At the conclusion of the
test, the coordinates of the unit were (0.10, 0.58) in., corresponding to 2 (.59 in. {15 mm) of total
slip.

4.3.6 Response of Bushing-3

The global response of Bushing-3 was assessed by analysis of data from Test Wumber 5 (Tabas-A,
target PGA equal to 1.0g). Figure 4-17 presents the translation histories in the global X- and Y-
directions of the upper tip of Bushing-3 relative to the moonting frame, The maximum relative
displaccment between the bushing tip and the mounting frame was 240 in. (61 mm). The
maximum total acceleration at the wpper tip of the bushing was approximately equal 1o 4.2g.
Acceleration response spectra far Bushing-2 in the local coordinate system, generated using
measured acceleration historics of the flange plate are shown in Figure 4-18. The zero-period
accelerations for these spectra are given in Table 4-5. For information, the 2-percent and S-percent
damped IEEE 693-1997 response spectra for Moderate Level gualification (see row 3 of Table 3-
1} are also shown in this figure.
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Figure 4-13a shows the relation between the average vertical displacement in the local z-direction
and rocking about the [peal y-axis. Figure 4-10b shows the relation between the average vertical
displacement in the Jocal z-direction and rocking about the local x-axis. Rocking of the UPPER-]
porcelain unit was accompanied by translation in the local z-direction. Such translation of 0.07 m.
{1.8 mm) likely led to oil leakage.

Figure 4-20 presents the displacement orbit of the center of the bushing, measured at the height of
the radial displacement transducers, relative to the flange plate. The coordinates (x30 of the
UPPER-! porcelain unit at the start of the test (correspending to prior slip of the unit) were {0.01,
(.03) inch. The predominant relative displacement of the bushing Lies along an axis at 45 degrees
to the local x-axis and y-axis of the bushing. It is neted that both the shear deformation in the
gasket and the slip of UPPER-1 porcelzin over the gasket contribute to the displacement orbit. At
the conclusion of the test, the coordinates of the wnit were (0,72, 081D in., corresponding to a 1.1
in. (28 mum} of towal slip,

4.4 Seismic Gualification of Bushing-3

Te satisfy the IEEE 693-1997 requirements for Moderate Leve] qualification, the measured peak
horizontal sceeleration at the bushing flange is required to be 0.50g (see Appendix A). For this
level of shaking, IEEE 693-1997 states that the stresses in the porcelain components must be less
than 50 percent of the vitimarte stress, and the factor of safety against oil leakage must be greater
than ar equat 1o 2.0, An aliernative approach that is identified in Annex D5.1(d) of IEEE 493
1997 was used (0 evaluate qualification of Bushings, Namely, earthguake histories with speciral
ordinates twice those of the Test Response Spectrum were used for testing: the target peak
honizonial acccleration at the bushing flange was 1.0g. Porcelain stresses at this level of
earthquake shaking were required to be less than or equal 1o the ultimate value, and there was to
be no evidence of oil leakage. Similarly, qualification of transformer bushings at the ITigh Level
requires the use of earthquake histories with speciral ordinates twice those of the targel spectrum
deseribed in the previous paragraph. Using a target peak aceeleration for these histories of 2.0g, 2
bushing would be gualified at the High Level if the porcelain stresses were less than the ultimate
valee and there was no evidence of oil leakage.

Bushing-3 was built for the porposs of qualification to the Moderate Level. The bushing passed
the requisite [EEE electrical tests prior to shipment to Berkeley for testing, Table 4-4 lists the tests
of Bushing-3. Bushing-3 leaked oil and ils UPPER-1 porcelain vnit stipped significantly during
Test Number 5 (see Figures 4-6 and 4-7), As such, data from Test Mumber 4 was nsed to judge the
response of Bushing-3. The peak aceclerations of the mounting frame during this test were 1.32g,
1.03g, and (892, in the local x-, ¥, and z-directions, respectively (see Table 4-5). Fipure 4-21
presents S-percent damped spectra evaluated using the x- and y-histories of the mounting plate of
Test Number 4.

The peak input accelerations of the mounling plate exceed the zero-period aceelerations of the
IEEE spectrum 1.0, 1.0, and 0.8g, in the local x-, y-, and z-directions, respectively). The local
x-direction spectral aceeleration st the fundamental freguency of the bushing (8 Hz) exceeds the
target IEEE spectral value of 2.5g by approximately 15 percent (see Figere 4-21a), The local y-
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direction spectral acceleration at a frequency of 8 Hz js less than 80 percent of the target value
{see Figure 4-21b). For qualification, the spectral accelerations in both principal directions must
exceed the target IEEE valuss. As sich, Bushing-3 did not meet the [EEE 693-1997 standards for
gualification at the Moderate Level.

4,5  Fragility Testing of Bushings
4.5.1 Introduction

Fragility curves for electrical equipment are often developed nsing information from testing
programs such as the program described in this report, Such curves typically relate the cumulative
probability of exceeding a linit state to a ground motion parameter such as spectral aceeleration
or peak ground acecleration and serve to partly account for randomness and uncertainty in both
seismic demand and component capacity. Seismic demand and cornponent capacity are typically
assumed to be random variables that conform o either 2 nommal or fog-normal disribution.
Companent performance can thet be described by a log-normal distrilution and the component
frapility curve is given by a log-notmal cumalative probability density funetion.

Peak ground acceleration is a poor seismic detnand parameter becanse acceleration alone is a poor
descriptor of the damage potential of an earthquake history. Spectral wcceleration at the
fundamental frequency of the bushing is an improved demand parameter but enless the installed
configuration exactly replicates the tested configuration, spectral capacities measured in the
laboratory aee likely unrehiable. (For example, the 55G-KV hushings tested on the Berkeley
sipmlator had no top-mounted terminal and were attached to a stiff mounting frame. In the ficld,
such bushings are often equipped with terminals of significant weight, the terminals are connected
to ofher substation equipment, and the bushings are mounted oo transformers with flexible mrrets.
Such differences between the tested and installed configurations can substantially modify the
dynamic charactenistics of (he bushings.) An average value of speciral acceleralion over & broad
range of frequencies waould provide a better estimate of bushing capacity (resistance to either
porcelain-unit slip or oil leakage) than a single value of spectral aceeleration.

4,52  Fragility Datg for Peak Ground (Input) Acceleration

Each value of peak acceleration listed below was taken as the greater of the maximum
accelerations of the mounting frame along the local x- and y-axes for the st immediately prior to
that test in which the specified limit state was exceeded. For example, if a bushing was subjected
to increasing levels of ground shaking with cach test in the fragility sequence, and if the bushing
excecded a limit state In Test 100, fragility data would be collected from Test 99. If during Test
09, the maximum local x- and »- accelerations of the mounting frame were 0.5g and 04g,
respectively, the fragitity data point would be taken as 0.5g. Although the wtility of such an
approach is questionable unless the reported acceleration is a principal acceleration and the Himit
state is ¢xceeded due to shaking along the principal acecleration axis, this procedure is
conyentonal and 1s therefore adopied herein.
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I the limiting state of bushing response is 0il leakaze, Bushing-1 reached this Jimit state at a peak
horizontzl acecleration (in the local coordinate systern) of 0.51g. (Bushing-1 leaked ol during
Test Momber 10 and fragility data are calculated vsing data from Test Number 9.3 Bushing-2 and
Bushing-3 reached this limit state at peak accelerations of 1.18g and 1.32p, respectively. If the
limiting state of response is slip of the porcelain unit above the flange plate, Bushing-1 rcached
this limit state al a peak homzontal acceleration {in the local coordinate system) of OL6D9g.
Bushing-2 and Bushing-3 reached this limit state at peak accelerations of 1.183 and 1.32g,
respectively.

Firure 4-21 illustrates this process for Test Number 4 of Bushing-3. The 5-percent damped
speetea in pasts (a) and (b)Y of this figure were generated using the aceeleration histories of the
mounting plate i the local x- and y-directions. The maximum accelerations of the mounting
frame were 1.32 g and 1.03 g in the local a- and y-directions, respectively {see Table 4-5).

4.5.3 Fragiliry Data jor Spectral Accelaration

Each value of spectral acceleration listed below was taken as the greater of the two spectial
accelerations caleulated psing the acceleration histories of the mounting plate in the local x- and
y-directions. ¥ S-percent damped spectral accelemtion at the fundamental frequency of the
bushing (=8 Hz) is vsed as the seismic demand parameter and if the limiting state of response is
oil leakage, Bushing-1 reached this limit state ar a spectral acceleration {in the local coordinate
systermn) of 1.18g. Bushing-2 and Bushing-3 reached this 1imit state gt spacteal accelerations of
2.79¢ and 2.92g, respectively. If the limiting state of response is slip of the porcelain unit above
the flange plate, Bushing-1 rcached this limit state at a spectral acceleration (in the local
coordinate system) of 1.53g. Bushing-2 and Bushing-3 reached this limit stmie at spectral
accelerations of 2,79g and 2.92g, respectively.

Figure 4-21 illustraies this caleulation for Test Wumber 4 of Bushing-3. At a frequency of 8 Hz
(see verticel dash-dot Hne in the figure), the spectral accelerations in the locat x- and y-direetions
were 2.02¢ and 1.88¢, respectively.

4.5.4  Fragifity Data for Average Speciraf Acceleration

Average spectral acceleration over a range of freguencies including the fundamental requency of
the bushing will provide fragility data for a range of bushing-support conditions. If the test
configuration ineludes a near-rigid muunling frame, the frequency range should ke less than and
equal to the fundarnental frequency of the bushing. The spectral response shonld not vary widely
over the selected frequency range otherwise the reported wvalue may be substantially
unconservative for a number of support conditions. A frequency range of 4 Hz to 8 Hz was
selected to calenlate the averape spectral aceeleration for these studies. If the limiting state of
response is ofl leakage, Bushing-1 reached this Jimit state at an average speciral acceleration (in
the local coordinate system) of 0.99g. Bushing-2 and Bushing-3 reached thic limit state at a
averags spectral aceclerations of 2,85g and 2. 94p, respectively. If the limiting state of response is
slip of the porcelain unit above the flange plate, Bushing-1 reached this limit state at a average
spectral acceleration (in the local coordinate systemn) of 1.48p. Bushing-2 and Beshing-3 reached
this limit state at average spectral accelerations of 2.85g and 2.94g, respectively.
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Figure 4-21 illustrates the above process for Test Number 4 of Bushing-3, In the frequency range
of 4 Hz to 8 Hz, the average speciral accelerations in the local x- and y-directions were 2.94¢ and
2.30f, respectively (see the honzontal dashed line in each figure). In the local x- and y-directions,
the spectral accelerations at 2 frequency of 8 Hz are equal to or ]ess than the average spectral
accelerations by factors of 1.0 and 0.8, respectively.

4.5.5 Fragility Estimates from Principa! Acceleration Data

The fragility data presented in the preceding sections listed peak values and made use of
measured acceferation histories in the losal x- and w-directions of the 550 KV bushings. Althourh
the approach adopted above constittes conventional practice, it may be inappropriate for several
reasons. First, if damage (oil leakage, slippage) 1s maximized along an axis that is rotated from the
coordinate systern from which the frapgility data (maximum acceleration, spectral acceleration)
were calculated, do the reported values comectly characterize the response of the bushing?
Second, should principal acceleration data be used instead of acceleration data from the local
coordinate systemn? Third, should maximtm or mmimum values be reported?

The following paragraphs present fragility data calenlated using acceleratien histories from
coordinate systems {Axis 1, Axic 2) that are rotated from the local x- and y-directions. Sttech data
are presented to foster discussion on the utility of the IEEE 693-1997 procedures for equipment
fragiliny testing and qualification. No recommendations for changing the current IEEE procedures
are made at thig time.

Accelerations along axes rotated from the local x- and y-divections were calenlaied vsing the
following transformation:

4 _ [cosﬂ sinﬂ] 9y @1

a, —5in® cosd a,

where g and a, are the accelerations along Axis 1 and Axis 2, respectively; 0 is the angle of

rotation from the horizoatal {x) axis (measured in the x-y plane); and a, and a, arc the
accelerations aleng the local x- and y-axes, Table 4-2 lists peak and spectmak aceeleration data for
10-degree increments of axis rotation for Test Number 4 of Bushing-3. Figure 4-22 presents 5-
percenl damped acceleration response spectra for 10-degree increments of axis rotation for Test
Mumber 4 of Bushing-3. For reference, Bushing-3 slipped in a direction at 45 degrees to the local
coordinate system (see Figure 4-20 for Test Number 5),

Ini the unrotated coordinate system, the fragifity peak acceleration of Bushing-3 was 1.32g. Inthe
direction of slip, the maximuem peak acceleration of 1.50g jis greater than the fragility peak
acceleration by 15 percent, The minimom value of peak aceeleration was 0.92g, 70 percent of the
Jfragility value in the unrotated coordinate systetn.
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Columns 4 and 5 of Table 4-9 list 5-percent damped spectral aceelerations at a frequency of 8 Hz.
The fragility spectral acceleration of Boshing-3 was 2.92¢. The maximum and mitimum values
of spectral acceleration listed in columns 4 and 5 are 112 percent and 62 percent of the fragiiin:
spectral acecleration. Frgure 4-22 shows the variations in spectral response along Axes 1 and 2 a3

a fometion of the rotation angle 9.

Mean values of spectral acceleration in the frequency range of 4 to 8 Hz are listed in columns &
and 7 of Table 4-9. Such a frequency range would eover a broad range of support conditions for a
bushing with a fundamental frequency of 8 Hz. The maximum and minimum values of spectral
acceleration listed in these columns are 110 percent and 70 percent of the fragility spectral
acceleration. In this frequency range, the ordinates of the response spectra (sce Figure 4-21) vary
widzly and the use of mean spectral values might be unconservative.

Variations in spectral response over a frequency range could be addressed through the use of
mean-minus-one-standard-deviation values of spectral accelerstion. For Test Noumber 4, these
values of spectral acceleration range between &) and 90 percent of mean valees, and the
maximum and minimum valucs are 53 pereent and 5% pereent of the fragilitny spectral accelzration
of 2.92g,

456 Suwmmary

Conventional procedores for reporting fragility data for substation equipment such as transformer
may be neither appropriate nor conservative, The fragility data reported above were based on
carthquake simulator testing of a bushing installed in a ripid mounting frame. This configuration
is likely not representative of a field installation becaose (a) bushings ara often mounted on
flexible components, (b) terminals of significant weight are often attached to the upper tip of the
buoshing, and () the terminals are connected to other substation equipment. Such differences
could substantially modify both the modal properties of the bushing and the critical Teading
ENVironTent.

Putting aside these shoricomings, the fragility data presented in the previous scetions are
sebstantially scauered. Maxitnum and minimum values for different fragility parameters are
summarized in Table 4-10. Use of the minimum values for the fragility parameters will be
conservative but will likely be misleading. Improved strategies for characterizing the fragility of
substation equnipment are obviousty needed.
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Table -9 Fragility data for Bushing-3, Tabas-A, Test Number 4

PGA Plolf=BH#E=005} PSal4<f<dHz=0.03)y | PSafd<f<S8HzE=005) 14

fef &P {eP et
8% | Axis J | Axis2 Axes I Axiz 2 Axzis Axis 2 Axis I Axis 2
0 1,32 | 103 292 1.88 2.04 2.30 2,65 2.10
10 | 140 | 100 3.13 1.83 3.1 221 2.70 1.86
20 | 145 | 095 3.25 1.89 3,20 210 271 1.7%
0 | 150 | ez 3.27 1.94 322 206 2.66 1.72
40 | 151 | DO9E 3.10 1.95 317 2.13 258 1.82
50 { 148 | 100 3.02 215 3.06 220 246 2.03
60 | 140 | 1.09 273 2,20 2,91 246 2,34 221
70 | 128 | 116 2.40 2.39 273 260 2.25 2.37
80 | 1.15 | 1.26 2.13 2.65 2.56 2.74 221 252

o0 | 103 | 132 1.88 2.92 239 2.94 2,10 2.65

1. Peak acceleration of mounting plate along axes of rotated {Axis I, Axis 2) coordinate system

1. Spectral aceelerarion st frequency of § Hz and damping ratio of 5 percent, along axes of rotated {4xis
4, Axis 23} coprdinate system

3. Mean spectral acceleration over frequency range of 4 Hz to E Hz and damping ratio of 5 percent, along
axes of rotated (Axis 1, Axis 7) coordinate system

4. Mezn minus one standard deviation spectral acceleration over freguency tange of 4 Hz to § Hz and
damping ratio of 5 percenat, atong axes of rotated {(Axis J, Axfs 2) coordinate system

3 Coumter-clockwise angle of rotation of local {x,y) coordinate system into {Axir , Axis 2) coordinate
5¥51emm

Table 4-10 Summary of fragility data for Bushing-3 from Test Number 4

PGA PSaff=8Hz,E=0.05)
fe! feF
Maximnm 1.52 3.27
l Mitimum G.o2 183

1, Peak acceleration of mounting plate along all axes of rotated (Axis
1. Axis 2) coordinate system

2. Spectral aceeleration at freqoency of 8 Hz and damping ratio of 5
pereent, aleng all axes of totated fAx4s 1, Axis 2) coordinale svstem
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CHAPTER 5
SUMMARY AND CONCLUSIONS

51 Swpmmary
511 Introduction

The reliability and safety of electrical ransmission and distrbution systems after an carthgqoake
depend on the seismic response of individual substation components such as transformer
buashings. Post-earthguake reconnaissance of electdeal substations has identified porcelain
transformer bushings as being particularly vulnerable to severs earthquake shaking.

Pacific Gas & Electrie (PG&E) Company spensored a research project to investigate the seismic
response of in—service and proposed-modified 550 kW transformer bushings. The key objectives
of the project were w: (1) develop carthguake ground motion records suitable for the seismic
evaluation, qualification and fragility 1esting of bushings, (2} 1est three 550 KV bushings on the
earthquake sirnulator at the Pacific Earthquake Enginesring Research (PEER) Center using levels
of earthquake shaking consistent with those adopted for seismic gualification and fragility testing
of electrical equipment, {3) reduce and analyze the data acguired from the earthguake simulator
tests, and {4) draw conclusions about the seismic performance of porcelain transformer bushings,
including the likely failure modes of a bushing during severe earthquake shaking, the efficacy of
the improvernents in the modified bushings, and the wtility of the seismic gualification and
fragility testing procedures set forth 1o IEEE 693-1997,

5.1.2  Earthquake testing program

The carthquake testing was performed on the earthquake simulator st the Pacific Earthguake
Engineering Research Center, which iz headpuartered at the University of California, Berkeley,
The 20 ft by 20 ft {&.1 by &.1 m) simulator can accomunodate models vp to 140 kips (623 kN) in
weight and 40 fr (12.2 m} in height.

The three 550 kV bushings were supplied by ABE Power T&D Company, Inc., Components
Division (ABB} for earthouake testing. Bushing-1 was similar (o buskings that are currently in
service in the Uniled States and was designated for fragility testing. Bushing-2 and Bushing-3
were modified versions of Beching-1 incorporating design chanpes ittended ta improve the
selsmic performance of 350 kv bushings. The modifications consisted of; (2) increased preload on
the bushing, (b) use of a mbber-impregnated fiber gasket and an O-ring szal instead of nitnle
rubber gasket at the poreelain-to-flange plate connection, and {c) increased spring trave] in the
bushing dome by use of multi-tiered springs. Bushing-2 was desipgnated for fragility testing and
Bushingz-3 was identified Tor qualiflication {asting.

For earthquake testing, the bushings were mounted on 2 support frame that was designed to
accommeodats 550 KV bushings. The mounting plate in the frame was sloped at 20 degrees
measured to the vertical because & bushing qualified at this angle is deemed by IEEE 693-1997 to
be gualified for &l angles between verical and 20 degrees measured to the vertical, Bushings
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weTe altached to the support frame using 12 347 bolts. During the test program, thers was no
evidence of slip between the bushing flange plate and the mounting plate.

Earthquake simulation testing of the bushings consisted of resonant search tests (sine-sweep and
white-noise) and triaxial earhquake-history tests. The resonant search tests were undertaken to
establish the dynamic characteristics of the bushings. The first modal frequency of the bushing
was approximately B He; this frequency corresponded to motion in the local x-y plane, The first
mode damping ratio for Bushing-1 prior (o eatthquake testing was approximalely 4 percent of
critical. No values of modal ifrequency and damping ratio for response afong the local z-axis or
longitudingl axis of the bushing could be evaluated using the resonant search tests.

The earthguake histeries used for triaxial shaking of the bushings were derived from sets of
oround motion records recorded during the 1978 Tabas, Iran, earthquake. The time-demain
procedures of Abrahamson were used to develop IEEE spectrum-compatible earthquake histories.
Two three-compenent sets of IEEE spectam-compatible mottons were developed: Tabas-A for
tests with peak horizontal accelerations up to 1.0g, and Tabas-B for tests with peak horizontal
accelerations exceeding 1.0a.

For the Moderate Level qualification of Bushing-3, the eanthquake histories were maiched to the
2- and S-percent damped ILEER spectra with peak aceelerations of 1.0g (horizontal shaking) and
0.8g (vertical shaking). At this level of shuking, the porcelain stresses are required 1o be 12ss than
or equal to the ultimate value and the bushing must show no evidence of oil leakage. Test Number
5 met the requirements of IEEE 623-1997 for qualification at the Moderate Level. Dunng this
test, Bushing-3 leaked oil and its UIPPER-] porcelain vnit slipped substantially above the gaskgt
and flange plate. As such, Bushing-3 did not qualify at the Moderate Level.

Bushing-1 and Bushing-2 were fabricated for the purpose of fragility testing. Two limiting states
of response were identilied for fragility testing: oil leakage and slip of the UPPER-1 porcelain
unit. For the limit state of oil leakage, the fragility peak accelerations of Bushing-1, Bushing-2,
and Bushing-3, were 3.51g, 1.18g, and 1.32g, respectively. For the limit state of shp of the
UPFPER-1 porcelain unit, the fragility peak accelerations of Bushing-1, Bushing-2, and Bushing-
3, were 0.09g, 1.18g, and 1.32g, respectively.

52  Conclosions and Recommendations
5.2.1 Seismic Response of 350 kV Transformer Bushings

The modified 550 kV bughing (Bushing-3} did not quatify to the Moderate Leve] per IEEE 693-
1997 {IEEE, 1998).

Bushing-1 and Bushing-2 were built for the purpose of fragility testing. Two limiting states of
response were identified for fragility testing of these bushings: oil leakage and slip of the UPPER-
I porcelain unit. Bushing-2, a modified version of Bushing-1, sustained peak accelerations
approximately twice these of Bushing-1, indicating that the modifications proposed and
implemented by ABB were most effective.
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5.2.2  Recommendations Yor Future Study
Procedures for Seismic Qualification

The 550-kV bushings wera installed in 3 rigid mounting frame without elecirical cornecrions and
upper-ip-motnted terminals for earthquake testing. Soch 4 configuration does not likely
adequately represent the field nstallation and loading environment and the results of IEEE
gualification must be viewed with caution.

For qualification of equipment attached to a foundation, IEEE 693-1997 specifies a response
spectrum for earthquake-simulator testing. The amplimde of the input motion for qualification ef
bushings is doubled to account for flexibility and ground-moticn amplification in the transformer
or support egriprnent. It is not known whether the IEEE 693-1997 assumptions are rcasonable,
conservative, or non-conservative, Nomerical (finite element) studies of transformer boshings and
other lomret stroetores shonld be undertaken to review the current specifications for equipment
qualification. At 2 minimum, such studies should identify (a) the stiffness characteristics ef
typical bushing support structures, by the damping effects of the oil contained in the suppornt
stcture, if any, (¢) the amplification of earthquake shaking effects, if amy, throngh the support
sireeiuce 1o the base of a bushing, and d) (he importance of rotational inpet ta a bushing resulting
from {lexibility in the upper plate of the transformer to which bushings are attached. Answers to
these questions will provide valuable puidance to those tasked with revising the JEEE 693-1997
Recommended FProctices for Seismic Design of Substations.

Develapment of Fragiility Curves for Substation Eguipment

Cutrently adopted procedures for reporting fragility data for substation cquipment such as
transformer bushings are neither eppropriate nor conservative. Fragility data presented in the form
of peak ground (input) aceeleration are of limited value because peak input acceleration is a poor
descriptor of damage. Fragility data based on speciral aceeleration at the frequency of the bushing
provides an improved estimate of damage but cannot account for subsiructure Flexibility and
datnping, both of which will profoundly affect bushing response. Mean spectral acgeleration over
a range of frequencies provides a8 means by which to account for substructire floxibility. Mean-
mins-one-standard-deviation spectral acecleration fragifity dara over 4 range of frequencies
<ould account for variations in spectral acceleration over a frequency range.

The fragility data presented in Chapter 4 were widely scattered. Improved, rational procedures are
needed o analyze and interpest fragility test data. Such procedures mwst both better reflect the
field installation of equipment and account for substructare flexibility, installation of terminals
{for bushings), and the effects of interconnected equipment.

Inferconnected Equipment

Although IEEE 693-1997 acknowledges that physical {electrical) connections between substation
equipment may detrimentally affect the seismic response of individual pieces of equipment, the
testing procedures described in IEEE 693-1997 do not accoutt for the important effects of such
commcetivity, These physical connections can vary widely in fiexibility and strength, There is
substaritial evidence from past earthquakes that such electrical connections rgy have precipitated
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bushing failercs because of dynamic jnteraction between the inmterconmected equipment.
Analytical studies are wnder way to identify the importamt parameters affecting dynamic
interaction between interconnected equipment. An experimental earthguake-simulator-testing
program should be developed to investigate both the chameteristics of standard interconnections
and strategies to mitigate the effects of dynamic interaction.

Mathematical modeling of parcelain tronsformer Bushings

Data on the mechanical characteristics of gaskets are needed if accurate mathematical models of
bushings are 1o be developed. Nonlinear springs should be developed to model gaskets, and the
constraint to relative lateral movement of the alominom core and the perimeter poreelain units
oflered by the o1l inside the bushing rust be studicd, Moaodels of porcelain bushings that would be
suitable for rigorous vulnerability studies could be developed with such information.
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AFPPENDIX A

IEEE PRACTICE FOR EARTHQUAKE TESTING OF
TRANSFORMER BUSHINGS

A.l lotrodsction

The document IEEE 693-1907 (IEEE 19981 entitled “Recommmended Practices for Seismic
Design of Sebstations™ is used in the United States for the seismic guoalification and fragility test-
ing of electrical equipment such as transformer bushings. This recommended practice provides
qualification requitements for substation equipment and supports manufactured from steel, alumi-
num, porcelain, and compeosites. Procedures for equipment qualification using analvtical studies
(static analysis, static coefficlent analvsis, and response-spectrum analysis) and experimental
methads (response-history testing, sine-beat esting, and staric pull testing) are desedbed in the
practice. The objective of the decument is “... to secure eguiptnent such that it performs aseept-
ahly under reasonabty anticipated strong ground motion.”

IEEE 693-1997 identifies eleven methods for experimental testing. The most dgorons method is
carthquake-respense analysis using earthquake ground motion reconds, the spectral ordinates aof
which equal or excesd those of a Reguired Response Spectrum (RES). Catsgories of earthgquake
sirnulator 1esting include (a) single-axis. {b) biaxial {i.e.. horizontal and vertical), {e) multiaxis,
and {d) trizxial.

Section 9 of IEEE 653-1997 describes seismic performance criteria for electrical substation
equipment. Information on three seismic gualification levels (Low, Moderate, and High), Perfor-
mance Levels, the Required Response Spectrum (RRS), the relarion between PL and RRS, and
acceptance crileria are provided.
The studies described in the body of this repert employed triaxial earthquake simuelator testing for
the qualification and fragility testing of the 350 KV bushings. IEEE 693-1997 writes text on §ix
key topics related to the seismic qualification of transformer bushings:

v Performance level and performance factor

+  Perfommance Iovel gualification :

+  Suppost frame and mounting configuration

+ Testing proceduras

« Instrumentation

*  Acceptance crileria
Each of these topics are elaborated upon in the following sections, Far fragility testing, the ampli-

tide of the seismic excitation is increased in small increments to determine the level of shaking
that causes damage to the bushing, thereby establishing a point on a fragility eurve,

71



A2  Perfformance Level and Performance Factor

A Performance Level (PL) for substation equipment is reprasented in JEEE &§93-1007 by a
response spectrum. The shape of this spectrom represents a broadband response that envelopes
garthquake effects in differcnt areas considering site conditions that range from soft soil to rock.
Three values of equivalent viscous damping are specified: 2 percent, 5 percent, and 10 percent.
ICGE 593-1997 states that very soft sites and hill sites might not be adequately cavered by the PL
shapes.

Threz seismic performanes levels are ideatified in JEEE 693-1997: High, Moderate, and Low. In
California, the relevant performance levels are High and Moderate. Equipmeant that is shown to
perform acceptably in ground shaking consistent with the High Seismic Performance Level (sce
Figure A-1) is said to be seismically gualilied 1o the High Level. Equipment that is shown to per-
form acceptably in ground shaking consistent with the Moderate Seismic Performance Level (52
Figure A-2) is said 1o be seismically qualified to the Moderate Level,

IEEE 693-1997 states that jt is often impractical or not cost effective to test to the High or Moder-
ate PL because (a) laboratory testing cquipment mught be vnable to attain the necessary high
accelerations, andfor (b} damage to ductile components at the PL, although acceptable in terms of
component qualification, would resuli in the component being discarded following testing, For
these reasons, equipment may be tested using accelerations that are one-half of the PL, The
reduced level of shaking is called the Required Response Spacirum (BERES). The ratio of PL to
RRSE, termed the performance factor in IEEE 693-1997, is equal to 2. The High and Moderate
RRSs arc shown in Figures A-3 and A-4, respectively, The shapes of the RRS and the PL are
identical, but the ordinatzs of the RRS are one-half of the PL.

Equipment tested or analvzed nsing the KES is expected to have acceptable performance at the
PL. This assumption is checked by measuring the stresses obtained from testing at the BRS, and
3) comparting the stresses to 30 percent (equal to the inverse of the performance factar) of the ulii-
mate strength of the porcelaia {(assumed to be brittle) or cast aluminum componsnts, and b) using
a lower factor of safety azainst yield combined with an allowance for ductility of steel and other
ductile materials.

A3 Performance Level Qualification

Procedures for selecting the appeopriate seismic qualification level for a site are presented in
IEEE 693-1997. Qunalification levels are dircctly related to site-specific poak aceeleration values
caleulated using a 2-percent probability of exceedanee in 50 vears. If the peak ground acceleration
is less than (hlg, the site 15 classified as Low. If the peak ground acceleration exceeds 0.5g, the
site 15 classified as High. If the peak ground acceleration ranges in value between (.1g and 0.5g,
the site is classified as Moderate. Sites in California are classified as either Moderate or High.

A4 Sepport Frame and Mounting Configuration

IEEE 693-1997 writes that bushings 161 k'V and larger must be qualified using earthquake-simu-
lator testing. Recognizing that it iz impractical to lest bushings mounted on a transfortner, IEEE
requires bushings to be mounted on a rigid stand during testing. To account for the amplification
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of earthquake motion due to the influence of the transformer body and local flexibility of the
transformer near the bushing monnt, the input motion as measured at the bushing flange shall
miatch & spectrum with ordinates twice that of the Required Response Spectrum. The resuliing
spectra, termed the Test Response Spectra (TRS), for Moderate Level qualification are shown m
Figure A-35.

A transformer bushing must be tested at no less than its in-service slope, which is defined as the
slope angle measured from the vertical. IEEE 693-1997 recommends that a bushing be tested a
20 degrees measured from the vertical. If so tested, a bushing is assumed to be qualified for use on
all transformers with angles from vertical 1o 20 degrees. (A bushing instalied at an angle greater
than 2( degrees must be tested at its in-service angle.)

A5 Testing Procedures for Transformer Bushings

Three types of carthquake-simulator testing are identified in IEEE 693-1297 for the seismic qual-
ificatinn of transformer boshings: {a) earthquake ground motions, {b) resonant frequency search,
and () sine-beat testing. Earthquske ground motion tests (termed time-history shake table testy in
IEEE 693-1997} and resonant frequency tests are mandatory; additional information on these two
trpes of tests follow.

A.5.1 Resonant search tests

Sine-sweep of broadband white noise tests are used to establish the dynamic characteristics (natu-
ral freguencies and damping rattes) of a bushing. These so-called resomant search tests are under-
taken using uni-directional excitation along each principal axis of the earthquake simulator
platform. If broadband white nofse tests are performed, the amplitude of the white noise must not
he lass than 0.25g.

If sine-sweep tests are used, IEEE 693-1997 specifies that the resonant search be conducted at a
rate not excecding one octave por minuee in the range for which the equipmment has resonant fre-
quencies, but at least at 1 Hz, frequeney searching above 33 Hz iz not required. Modal damping iz
caleulated using the half-power bandwidth method.

A52 Earthquake prownd motion tests

Triaxial carthquake simulator testing is mandated for the seismic qualification of 161 kY and
above bushings, The Test Response Spectrum {TRS) for each horizontal earthgquake motion must
match or exceed the target spectrum. The TRS for the vertical earthquake motion shall be no less
than 80 percent of target spectrum. Earthguake motions can be established vsing either synthetic
or recorded histories. TEEE §93-1997 recommends that 2-percent damiping be wsed for spectral
matching and requires at least 20 ssconds of strong motion shaking be present in each carthquake
record,

A6  Instrumentation of Transformer Bushings

IEEE 693-1997 states ihat porcelain bushings must be instrumented o record the following
response quantities:
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1. maximum vertical and horizental aceelerations at the tap of the bushing, at the bushing
flange, and at the top of the earthguake-simulator platform

2. maximum displacement of the top of the bushing relative to the flange

3. maximum porcelain stresses at the base of the bushing near the flange

A.7  Acceptance Criteria for Transformer Bushings

IEEE 693-1997 writes that a bushing Is considered (0 have passed tha gealification tests if all the
criteria tablated below related to general performance, allowable siresses, and leakage are met.
The data obtamed from testing wsing ground motions compatible with the Test Response Spee-
trum (see Figure A-3) are used to assess general performance and allowable stresses. Oil leakage
is checked for a higher level of earthquake shaking.

{Feneral No evidence of damage such as broken, shifted, or dislodged insolators.
Performance No visible leakage of oil or broken support flanges,

The stresses in components are below the limiting values. (See Section
Allowable A2, For example, the stresses in the porcelain components associated
Stresses with earthguake shaking characterized by the spectrum presenied in Fig-
ure A-5 must be Jess than 50 percent of the nltimate valee)

Bushings qualified by carthquake simulator testing shall have a mini-
murn Tactor of safety of two apainst rasket leaks for loads imposed dur-
ing application of the Test Response Spectrum. IEEE 693-1997 states
that an acceptable methed o demonsteate this factar of safety is to bave
na leaks after shaking characterized by twice the Test Response Spec-
trurmn. (Such shaking corresponds to a Performance Factor equal 1o 1.0}

Leakage
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