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Abstract

Damage sustainelly electrical transformers in past strong earthquakes$to irrecoverable

and severe economic loss&ke seismicperformancesvaluationis associated with the loss of
properfunctioningof transformes. This study deals witmodelingexisting isolated electrical
transformer structures to evaluate the effectsvafiables that may affect the seismic
performance and dynamic characteristics. The results probabilistically determine the seismic
performance acceptability of stwdsolated ekctrical transformer structures based on the
impact of key structural response parameters on the seismic performancerahtiermer
Analyses of systems for a wide range of parameters are performed. The effects of horizontal and
vertical nearfault pukelike ground motionghedisplacement capacity of the seismic isolation
system, limit states of electrical bushingmd details of the isolation system design are
considered. Also, therobability of failure of the transformer under the ndault exctations

with pulselike characteristicss investigatedThe results atheresearch showed that the three
dimensional seismic isolation system has a significant effect on improving the seismic
performance of the system for a large nhumber of parametedscan be further effective
compared withthorizontatonly seismic isolationofferingthe lowest probabilities of failure for

all cases of transformer and isolation system parameters.

1. Introduction

Electrial transformersare the primary membes of the
lifeline engineering systemsThey aremeantto reserve
electricity continually and have a low vulnerability to

Taiwan caused hundredsnrafllions of dollars in damage to
electrical equipment [6,7].

The electricity network is made up of power stations,
transmission lingsand distribution lines.The electric

disasters. Empirical observationsof past earthquakes transformers used to raise and lower voltages lie between
illustratethatthe electrical equipment was\e@rely damaged  these elements [8]The main members of electrical
by the earthquakili 5]. Damage to electrical infrastructure transformers are high voltage bushings that establish the

leads to great economic losses.

electrical connection between the high voltage lines and the

Estimated instant economic losses in earthquakes such as thgansformer[9]. Bushings are most vulnerable to seismic
1993 KushireOki, Japan, 1994 Northridge, USA, 1995 ground motiong7,8]; Therefore, a lot of resedrdias been

Kobe, Japan, 1999 Kocaeli, Turkey, and the 1999Qtij

done to reduce the vulnerability of the bushings and
transformers in various scientific academies [8.3]
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Numerous studies have been performed to evaluate the
seismic performance of transformers using the horizontal
seismic isolation systerihe results showed that the relative
displacement and acceleration in the bushing and
transformer bodies are reduced in the horizontal direction
[8,11,1214-16]. These studies did not consider the effect of
vertical ground motion on the performance of the horizontal
isolation system. They also showed that vertical ground
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motion in the horizontabolationsystem does not decrease test of the electrical transformer equipment [Blshing
Earlier studies on the assessnmtheseismic performance  acceleration limits were selected to evaluate transformer
of seismically isolated electrical power transforméis18] failure using fieldobservations and empirical fragility data
utilized FEMA P695[19] procedures with the following in past earthquakg25-28].

limitations: One of the most important objectives of this study is to
The study only considered tield motionsHowever, some  develop fragility curves ithe nearfield pulselike ground
considered sites in the transformer perfance evaluation motions and compare the results with thuefield motions.

are near active faults so neaffault pulkelike ground In all cases, the fragility curve is compared with the-non
motions (see Section 11.4.1 of ASCE/SHI&20] standard  isolated structure to investigate the effect of seismic
for identification) should have been considered. Such isolation in different states on the probability of failure.
motions oftenlead tolarger isolator displacementpacity Also, various other factors such as increasing the
[21]] and therefore may affect the failure performance displacement capacity of the fmontal isolation, inclined or
evaluation. vertical bushing, the weight of transformeasd different
This paperinvestigatesthe limitations of past studies by frequencies of the dastalled bushingn the probability of
considering performing representative analyses with-nearfailure are examined.

fault pulselike ground motiong22,23] and evaluates the Incremental dynamic analysis was performed using the near
nearfault pulselike excitations on the probability of fault pulselike grourd motions for the three cases af
transformer failurelt also compares the acceleration at the bushing asnstalled frequenciesf the 320 or420Q or 520
center of mass of the bushing in various situations, includingkip transformes without and withisolators of displacement
fixed base and horizontal isolation only, and a three capacityDcapaciy= 17.70r 27.7 or 31.3nches This article
dimensional seismic isolation system in nEart pulselike evaluates the nedaultground motions othedisplacement
ground motions. capacity of seismic isolatiorsystems with pulselike
The selected transformgarethe oneswith 420kip weight characteristics.

and an inclined (20 degrees) bushing of4z3or 7.7Hz or

11.3Hz frequency \W=320 or4200r 520kip, fa=4.30r 7.7 2. Principles for failure performance

or 11.3Hz). In its nonisolated version, the transformer gy gluation of isolated transformers

model has inherent damping of 3% critical in all its modes. _ o

adding translational and rotational viscous damping provisions for collapse performance evaluation. These
elements at selected locationsVhen isolated, the Provisions mandateperforning IDA and finding the
transformer model was placed on top of the seismic isolatiorfollapseof the analyzed structure and failure of its critical
model and interconnected without any specifmmatfor ~ Components bgeismicsimulation[29-35].

global dampingto avoid affecting the behavior of the The procedure followed is to conduct IDA to obtdataon
isolation system. the number of failures for each level of seismic intensity

This paper provides numerical modeling af three consideredIn this paper failure is considered either when
dimensional isolation system with rocking motion and  the maximum value of acceleration at the centena$sof

compares the seismic performance of thdigeensional the upper part of the bushing in the transverse or the
isolatedtransformers with isolated horizonialy isolated  longitudinal directions reachesdeterminedimit or when
transformers or noisolated transformersThe horizontal ~ the isolation system fails by exceeding theizwmtal or the
isolation includes triple FP isolators and the vertical Vertical (uplift) displacement capacity, whicheveappens
isolation includes springdamper device. first. Theground motion intensitys measured in terms of
This paper presents procedures for the anafysisresults ~ the peak ground acceleratiRGA), or per thevocabulary

of an analytical study of the performance of electrical used inthe provisions by IEEE2005) [36], the zereperiod
transformers with particular emphasis on comparing the@cceerationZPA.

options of a norisolated transformer to one isolated only in The 5%damped high and moderate response spectra
the horizontal direction or a transformer with a three required by IEEE are illustrated in Figure 1. The
dimensional istation systenwith rockingconsideringnear ~ corresponding spectra in the vertical directiontaessame
fault pulselike ground motions. shapeasthe horizontal spectra but scaled in amplitude by a

In this study, in numerical analysis, the vertigmbund  factor of 0.8.

motion is considered simultaneously with the horizontal DA analysis is performed for a set of ground motions, each
groundmotion The study is based on Incremental Dynamic containing horizontal and vertical components as originally
Analysis(IDA) [24]. The numerical model of the anaéd recorded and progressively increased in intensity while
transformers is based on the information obtained from theSustainingthe principal ratio of peak vertical to peak
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horizontal acceleration. The intensity is specified as the peakl (2010) spectraapplied to building design whichare
value of the horizontal ground acceleration, the PGA. described by the spectral acceleration values atér2and
Failure is specified when either the acceleration reaches 4.0sec.
limit based on calibration of thenodel utilization field, 3) It permitsthesuggestiomnf fragility analysis results when
empirical data (1g or 2g in the transverse direction and 5g inthe analyzed system has twidferent vibration modesat
the longitudinal bushing direction), or the lateral two very different frequencies in horizontal and vertical
displacement of the isolators exceeds the stability limit of directions.
the isolators, or the vertical isolation system failtension 4) The results of fragility curves can be usedny location
(uplift), whichever happens firstThe fragility curves  andthey only depend oRGA
demonstrate the probability of failure versus the PGA, where
the probability of failure is specified at each PGA level as In the fragility analysisPGA: andb are calculate39,40].
the numbebf analyses that led to failudivided by the total  PGAe is the measure of intensity (PGA) for which at least
number of analyses. 50% of the analysefgiled (is the value of PGA for which
the probability of failure is 0.5pnd te dispersion factds
14 is calculatedas the standard deviation of the natural
logarithm of the values ofPGA causing failure of the
transformer (failure of bushings tive collapseof isolatos).
PGA It is necessary to mentidhat the number of anasgs is
........ (or ZP3) determined by the rate of increaseRBAIn each time step
7 Also, in this study, the number of groumdotiors is 40
----- The analytical fragility curve (cumulative distribution
function or CDF) representing theempirical data is

0.01 01 1 10 100 calculated as:
Frequency (Hz)

— :IEEE 693, High RRS
---- IEEE 693, Moderate RRS

Acceleration (g)

Fig. 1: Moderate and high required 500 P_'Q o r“,l 10006 0§ p
response spectra per IEEE 693 (5% damped) i g y

The fragility curves present information on the probability
ThePGAwas selected as the measure of seismic intensity ings fajlure for specific earthquake intensity levelsas
the scaling of ground motions used in the incremental easured by the PGA. This information is veffgctiveand

dynamic analysis for constructing fragility curves. While nags peen obtained from numerous dynamnialyses
many studies of seismic assessment of electrical

transformershaveused the PGAas a measerof seismic
intensity[37], the spectral acceleration at the fundamental -
period S{Ty) of the analyzed structure is thought to be a €valuation

more appropriate measure of intensity and has been used i§.1 Modeling of bushings
building performance studies. Kitayama and Constantinou

(2018)[38,39] used spectral acceleration at the fundamentaITh'S section dgscnbes the m°de“”9 of theshingsto
period as the measure of ground motion intensity forevaluate the failure of transformeBishingsare anongthe

. . . . . . i i i O ¢
seismically isolated structures. The selection ofsésiemic major componestof electrical transformersA  bushi ngo:

intensity measuraffects the scaling of the motions for dzmagedorl fallureshcon&de;;ch.trangormer fa|Iure[41](.j
analysis and accordingly affacthe resul This model uses the resultbtainedby Kong [47] an

Note that the fragility curves presentm@based on the use _Fahalij E;"Tg]’df?;ho testedd.t.he specn‘,caltlonsh diushllngsl
of the PGA for the measure of ground motion intensity. Installed in different conditionsn particular, the rotationa

These differenceare from the approach statéd FEMA and vertical frequency of the bushing must be considared

P695 (2009)where the intensity is measured by the spectral their installed condition anaccountingor the effects of the

acceleration at the fundamental period of the studied systemf.lexmi"ty of the supporting plate.

Finally, in this studythe reasons fothoosng PGA as the Datafrom t.he stu.dles bikong a_nd Fahagor three types of
intensity measure are: bushing including geometric featuresmasses and

1) PGA (or ZPA) is the ground motion intensity measure frequepcies of free vibration when.installed fixdée X and
typically used in the fragility analysis of electrical yvhen installed connected to féexible plate (cglled as
equipmen{37,47] installed frequency(fa/). Table 1 shows information about

2) It facilitates thautilizationof the IEEE 693 spectra, which thespecifications of three different bushings
aredeterminedby PGA (or ZPA) andissimilartothe ASCE

3. Modeling ofisolatedtransformers for failure
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Table 1: Characteristicef thetested bushing
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follows. Given the geometry of a bushing and the values of

Unit BUS3hin9 BUSGhing Bus8hin9 the frequencies for the fixed and theiastalled conditions,
Voltage capacity | kv 550 196230 | 550 frix ande|,_ res_pectlvelyag in Table 1th§sespeC|f|cgt|ons
Total height in 244 8 151.4 255 2 are effective in constructing the analytical modeFafure
Length over mounting| 194.8 1.4 1902 3 and are obtained according to the following stEpg
L‘li’;%ﬁt'e‘izw a) the moment of inertia of the upper bushihg is
mounting flangeH.s n 50 60 65 calculated:
Total weight Ibs 2810 4330 2180 _
Upper bushing weighti o | 5156 447 1570 a P 00 © q
mueg ¢ O a
Location of upper .
bushing center of in 87.6 34 85.2 ) ) ) )
gravity: Hom_us b) The vertical stiffnes&y is calculated from the following
Lower bushing .
weight:me.g Ibs 554 293 510 equation
Location of lower . “ . . .
bushing center of in 59.2 28 39 v ¢"'Q 8a a a (3)
é’gi‘gggt';%l; . c) A hypothetical value is considered for rotational stiffness
weight:meng Ibs 100 100 100 Kq, the fundamental frequendy calculatedandcomparel
Weight per unitength | Ib/in | 11.07 4.89 8.15 to the known value of the asstalled frequencyai.
Distance to the flange|
(half of thecenter in 11.5 134 11.5
pocket):Hr (
Fixed frequencyfrix Hz 9.36 21 9.35
As-installed Hz 43 11.3 7.70
frequencyfa
Material of insulator Porcelain | Porcelain | Porcelain Upper y
bushing v
Thebushing is divided into upper and lower parts which are
connected by a connection plate of thicknesk. Zr'he
lengthof the upper part is equal ks and thdengthof the \
lower part is equal téls. The distance from the flange to }
the center of mass of the upper part of the bushing is eque, ! T R
L RO T e - 0
to Hewm_us and the distance from the flange to the center of bushing | ™ R /
mass of the lower part of the bushing is equélda 1&. The .
mass of the upper part of the bushing is equahtg the B

mass of the lower part of the bushing is equahioand the
mass of theonnection platés equal tancy. Measurements
of important parts of the bushing are showkigure2.

Fig. 3 Bushing models: ()xed condition; (b) asnstalled
condition

d) The vertical linear viscous damper constdiit is

Mg

H,
Upper bushing ve

Lower bushing <

Fig. 2 Definition of dimensions obushing

a a a a

where |

calculated using the following equation:

0 1“4 8 8Q

(4)

my is the effective mass in the verticitectionis calculated
usingEg. (5):

©)

e) The circular frequengy at the joint of bushing and
trangormerbody is calculatedsingEqg. (6):

5 o ©)

Eachmode of vibration is damped at 3% of critical damping. calculated usingq. (7):

This value ofthe damping ratiohas been obtained using
observations in previous field studidgl].

6 ¢8 3

@)

Calibration of the astalled bushing model is done as Wherebqis the dampingatio in a purely rotational mode:

81

is the moment of inertia of the bushing.
The rotational linear viscous damper consta@t is
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5

L 8
“8Q

(8)

f) The horizontal linear damper constady is calculated
usingEg. (9):
Q 9)

wheref  isthe damping ratio in a purely horizontal mode
(0.03 is used).

6 T «a

3.2 Failure of transformers

Transformer failure can occur in a variety of ways
However, @ststudies have shown thatishingfailure is the
mostcrucial cause of transformer failur&he main failure
modesof the bushing are shown iRigure 4 based on the
observation®f past earthquakd4?].

) . Turret top flange
Bushing mounting fhnﬁe

Upper porcelain uml

\

~

ﬁl

/
[/ —

’.‘

Leaked ol

J\L

|\T.
(

\NWWW\NW\HW

(2) Gasket extrusion  (b) Porcelain unit slippage (¢) il leakage (d) Porcelain unit fracture

Fig. 4: Main failure modes of porcelain bushings

The calculation of the accelerations in tbagitudinal and
transversdushing directions from values in the vertical and
horizontal directions,and the acceleration limitsjs
demonstrateth Figureb.

Vertical Bushing Limits

} Acceleration limits

H=1g, 2g or 3g

Transformer cover milhl
Inclined Bushing Limits

! Vsing

L=HsintHVeos8=5g
! Acceleration limits
T=Heos6-Vsind=1g, 2g or 3g

Th

[N ~Hsiné
|

Heost

Fig. 5: Calculation of longitudinal anttansverséushing
accelerations anlihit states
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3.3 Modelingof transformer

Figure 6 shows a twadimensional model of a transformer.
Each frame represents half of a transforntégure 6(a)
shows the model of the transformer in the fixed base
position, Figure 6(b) shows the transformer model in the
horizontal isolabn andFigure 6(c) shows the transformer
model in the combined horizontaértical isolation system
with or without rocking motionThe bushing is mounted
vertically or at an angle of 20 degrees to the transformer.
When the bushing is placed vertically on the transfordfier,
is equal to zero and when it is placed slopuhg equal to

20 degrees.

In Figure 6(a), he length (or width) of the transformer is
denoted by r and the distance from the ground to the center
of mass of the transformer is denotedHbyin Figure6(b),
Hreris equal to the height of the triple FP isolator &fads
equal to the height of the concrete stainl inFigure 6(c),

Hsp is equal to the height of thepringdamper device.

Rigid base
l"T‘.

Hy

e s M Me 77
L2 L2 Mygp m‘m “‘ +
s el

Ly L/ L2
Ly

(b) Transformer with horizontal isolation system

/
A / o —: Elastic beam column element
' H
/ : ® : Nodal mass
27y
! L"/‘f,(’H,"‘ ke’
f / ;
| -, r |
4, | i F_m;H\:
= mr. L.
/ .
-~ .—
ey
HL
Rigid base
for system designed N
to prevent rocking e
e Mirep
msp §
b
L2
Ly

(¢) Transformer with horizontal & vertical isolation system

Fig. 6: Two-dimensional transformer models

Figure 7 shows the transformer isolated in the horizental
only direction. Three bushings with frequencieg& 7.7,
and 113 Hz are installed on this transformer, which covers
a wide range of frequenciesind Figure 8 shows the
longitudinal and transverse sens of a threelimensional
seismicisolated transformer witla rocking motion This
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system igermedthreedimensional seismic isolation, which | |
describsits seismigerformance.

J/— CONCAVE PLATE

|
STAINLESS STEEI _V 1 Ul E E
STAINLESS STEEL ARTICULATED SLIDER
R=30.07
| 24" |
| e | 1 5/8" DIA/ HOLE
TOR 1 1/2" DIA
- ———— N BOLT
e RN 1
O 1" 2L O
%
e » A
Ry \
o P :\
" \
i ‘I'\
t i
o
241 L
2 O
"
AR ‘Iu
(R :
(R .://
v
W 3
O bl f;l
- P
%
@ N et O
Isa P
e

Fig. 9: Section and planiews of thesmallest sizériple FP
bearing without inner restrainer

Fig. 7: Seismically isolated transformer Wancouver

The behavior of thériple FP bearings has beatefinedin
Fenz and Constantindus 2 0 0 $45], vaindra kmore
detailed description consising of their ultimate
characteristicgs also presenteid Sarlis and Constantinbus
2013 work[46]. Section4.3 in this paperprovidesa model
for the collapse of this bearing used the program
OpenSEEJ47]. The model is a modification of the series
model of Fenz and Constantin4b] and consistsof the
effect of the inner restrainbased on the theory of Sarlis and

Geometric

H |

: ™ A
Center of H | parh L
Tauk Base \ /t;l'r ansformer; ; 1 Tmer

o
=

nof L 4 ConcreeBase ——, Constantinoy46].
rﬁﬁﬁ ‘ﬁ o K Table 2 shows the frictional characteristics of the triple FP
isolators Table values are calculated based on McVitty and

e
‘ 12.06¢ |
19,04t

Fig. 8: longitudinal and transverse sections of a thtieeensional
seismic isolated transformer witrocking motion

Constantinoué6s 2015 work [ 48
Note that the system property modification factors used for
uncertainties in properties when only prototype test data are
available &e9 are set equal to unity because test data on all
isolators are presumed available.

4 Description of seismic isolation systenand Table 2: Lower bound frictionatharacteristicsf triple FP

i . isolators
modeling in program OpenSEES Load
. Comments
. - . (kip)

4.1 Triple friction pendulumnisolators Forthe 320Kip Transformer,
A threedimensional seismic isolation system includes triple 80 0.130 0.095 Adjusted from test data at 110
FP isolators mounted on a vertical isolation systsm kip load
provides horizontal isolatioand he springdamper device Forthe420Kip transformer.
provides vertical isolatiahe springdamper deviceesists 110} 0120 | 0.080 Based on test data
rotation and Iateiajlsplacement, which Iead.s to the transfer Forthe520Kip transformer,
of shear force and overf[urnlng moment by its upper support{ ;.. 0110 | 0.065 Adjusted from test data at 110
Figure9 shows the section and phaiews oftheexample of Kip load
the triple FP |so!ator considered |n. this study for Test data are reportay Oikonomou ot ale]
transformers of weight320, 420 and520kip. _ _

For upper bound properties (excludilogv-temperature effects),

multiply values by 1.23
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4.2 Description ofthe spring-damper device usually more than double the maximum damping fdroe.

The springdamper device is designed for electrical S devicethe tensile limitis about 20dp.

transformers with total weigl#ndconsists othe triple FP
isolators and any slab supporting the transformer on top o
theisolatorsfor theweight 0f320, 420 and520

kip. Coil
The maximunstatic load per isolator is assumed to be 130 Spring
kip. The basic functiorof the vertical isolator unit is to

support the weight and provide a frequency in the vertical
direction of 2.0Hz with a corresponding damping ratio of

0.50 critical when the totalugported load is 42Rip. For the

range of weights of 320 to 5Xip, the frequency and
dampingratio will be 2.3Hz and 0.56 when the weight is Fig. 10: Schematic othespringviscous damper device
320kip and will be 1.8Hz and 0.44, respectivelyhen the
weight is 520kip. The springs have linear elastichagior,

and the damper has lineascous behavior. Tabpresents
the parameters of one of these devidd®e device has a
significant margin of safety (factor greater than 2) for the
specified force and moment limits.

Viscous damper

within telescopic

sleeve system

Figurell shows the installation method wilfiree rocking

motion The bottomconcave plate of the triple FBolators

can rotate according to a rot
telescopic sleeve systefi.he angl e b is | ow
to 0.1 degreesThe rocking angle U is
Table 3: Parameters of sprindamper device ability of the springdamper to move verticallfgased on the
limitations listed in Table 3, the vertical displacement
capacity is 3nchesdownwards and thchesupwards (fora

Static deflection 3.0 inch static load of 13@ip). The total angle of rotatiod + i thus

less than about 1.1 degrees.

Static load (per unit) 130 kip

Stiffness per unit 44 kiplinch
. . . . 3.4 kip-
Damping constant per unit (linear viscous dampin seclinch
Dynamic deflection +1.75 inch
Total deflection 4.75 inch
Stroke capacity 5.0inch

Displacement capacity (from position-&inch static +3.0inch
deflection; + is tension;compression). Displaceme

limits change whethe static load changes. -2.0iinch
Peak rotation allowed fartop plateconcerninghe 0.1degrees . .
bottom Il /
[ //
Torsional rotation allowed Zero ‘ /]

Figure 10 shows a schematiwiew of the device.In | |
compression, the displacement capacityussd when it | |
reaches the limit of 5:Ihch stroke and then the device - | aepromal
shows very high stiffness withreally unlimited force gg; %%
capacity.The 5.0inchlimit is controlled bythedesign of the
damper Note that the springs have additional displacement
capacity which cannot be usedn tension, the device
reaches the limit of 5:hch stroke which is the  Figure 12 shows the installation method in which the
displacement capacity ahe damper (the springs have rocking motion is limited.When astiff baseis placed
additional displacement capacity which cannot be utilized). between the bottofaP concave plate and the top plate of the
After that the device exhibits high stiffness until the verticalspringdamper devicethe rocking motion is limited
ultimate force capacity of the dampertémsion is reached andther o ¢ k i n gis reduceditoezerd) so thatal angle
This force limtde pends on t heandis mmpirotalionU +dsatsout 9. hdegrees. This method is effective

[y — ‘ |

Fig. 12: Installation method that restrains rocking
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when the agnstalledfrequency of the bushing is close to the The single FP bearing element can account for the effect of
rocking frequeny of the isolated transformein this case, the varying axial load on thmstantaneous stiffnesand

the installation of atiff baseprevents the occurrence of the friction force. A simplified version of the model that
resonance phenomena and leads to a decrease in responsegglects this interaction replaces the single FP elemiént
axial, rotationaland horizontal springs in parallels shown

in Figure 14. Note that this simplified model is
computationally more stable.

4.3 Model for simulating the ultimate behavior thie
threedimensional seismic isolation systeim the
OpenSEESoftware

4.3.1Properties of transformer model

FP2

FP1 FP3

The body of the transformer is modeled by a rigid frame. Single Friction Pendulum Bearing Element

The mass of the transformer body is displayed as two R i K, / R i Koz VR, s K
concentrated masses at the top of the frame, which is
indicated by2my. The transformer frame is modeled by the

elastic beantolumn elements in @NSEES software. The
mass of the concrete slab is displage@mc. The mass of

the springdamper device is shown withsp at the bearings

and the mass of triple FP withrrp at the bearings is shown.
All model specifications are shown in table 4.

Table 4: Model specificationsf thetransforme

Height of transformend+ 81lin
Length (width) of transformet:r 110in
Height of concrete slatbic 6.0in
Height of triple FP isolatotdep 4.75in
Height of springdamperHsp 3.0in

Angleaof inclination of bushingd 0 or 20 degrees

Lumped mass for transformer boaw: 70, 95, 12kip/g

Lumped mass for concrete slathgs 10kip/g
Lumped mass for triple FPrep 0.7kip/g
Lumped mass for spring dampewkp 0.5kip/g

Total weight ofisolated structure:
Wr + W = (mr + me).g, g= 386 inch/set

320,420,520kip

4.3.2 Model for simulating the ultimate behavior
of triple friction pendulum bearings

Ay Koprs dom

" — 1 —

dypy Ko, dop

T

dlll'\ K: P ‘P‘(.I'f
O —

Ay Koo dy dipy Koz dona dypy Keny, doa
T T — U
” AN
MinMax Material  Elastic-PerfectlyPlastic Gap Material

Fig. 13: Organizatiorof elements ofthemodified series modéh
OpenSEES

— — | ’C]ﬂ.\. ;
R
Single Friction Pendulum Element Axial, rotational and shear springs in parallel

(axial-shear interaction considered) (axial-shear interaction ignored)

Fig. 14: Threesprings in parallel element to replace sirfgie
element

4.3.3 Model for simulating the ultimabehavior of the
spring-damper unit

Three uniaxial elementsare used to demonstrate spring
behavior in the@OpenSEESoftware[47]: i) elasticuniaxial
material, ii) elastigperfectly plastic materighnd iii) elastie
perfectly plastic gamaterial. They areshownin Figure 15,
and a forcedisplacement relation is for the enteement
shown inFigure 16. Note that the springs are assumed to
have a very low tensilgiffness when the displacement ltmi
of 5.0inchesis exceeded({times the actual stiffness where
U=0.001).

The approach followed herein is to modify the series model The model shown ifigure15illustratesthe behavior of the

in Fenz and Constantinbu2008 work[45] to simulate the

springs alone Within the springdamper assembhlythe

ultimate behavior of the trlple FP as predicted by the theorysprings can 0n|y deform in Compression up to a maximum

presented irsarlis and Constantin6u013 work[46]. The

of 5.0inchesfrom the unloaded position (as showrFigure

advantages of the modified series model are its simplicity15). |n tension and withoupropoundng the damper, the

and the ease of implementatiorttie OpenSEE Software
The modified series model has three ynits shown in
Figure13. Each unit (FPfo FP3) contains the following
OpenSEE&lements: (ag single FP bearing element, (b) a
MinMax material, and (c) an elastperfectly plastic gap
material with twonodelink elementcomponents

spring can deform as shownkigurel15. Thespring will be
sustairdby thedampeywhich has a stroke capacity &0
inches Thus the springs canndte stretched in tension as
the force will then be transferred to the damtreat has
reached itdisplacement capacity and resists deformation
with very high stiffness.
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+ TENSION Fig. 17: Ultimate behavior of viscous damper element (viscous
300 force not depicted)

Fig. 16: Forcedisplacementelation produced bthe spring

element Representative foredisplacement relations produced by

the damper element asownin Figure18. Three different
force-displacement hysteresis loops are showrigire

15. All loops wereggeneratd by imposing motion from a
definedstatic positiorandamplitude of 2.3nchesata
frequency of Hz. Thesecondwo loopsresult either in
failure in tension or reaching the bottom of the damper,
thusproducingvery high compressive forcH.is necessary
to mentionthat when atriple FPisolator islocatedon top
of the springdamper unit, failurén tension is nofeasible
as uplift will happerat the isolatobeforeimporting

tension itio thedamper.

The viscous damper isdicatedin the OpenSEESoftware
with a newly developed uniaxial material element called
ULTdamper The hysteretic rule for this element is presented
in Figurel7. The viscous force is not shown for clarity. This
force is simply linearly related to the velocity through the
damping constar ( = 3.4kip-s/inch). Other parameters for
this model are shown iRigure15, and values of parameters
are demonstratd in Table 5. The tensile podailure
behavior of the device wakescribedn amethodthat: (a) is
physically meaningful and (b) is such that numaric
instability in the analysis program is avoided. The failure

behavior of the device was modeled so that when the devic%

force reaches the Ufetioldmatne’ S‘\:"/l%cplotpeand(s%aqutof %Oaupdem9tlong-o
Figure 17), the force is nosuddenly deletetut partly is ~ Perform incremental dynamic analysis (IDA)

gradually reducedt each time step by an amount equal 10 Failyre resistancevaluationrequires carrying outIDA,
10% of the value at the previous step. Note that when theyhich is used to assess the probability of failure for a
damper element fails in tension and is removed from thegpecificset of motions peFEMA P695 proceduredVhile
springdamper combined element, the element is still the procedures in FEMA P695 ordgnsist othe horizontal
functional but with only the spring beirgficient components of ground motions, the analysiized in this
work need that verti@al componenare also included. This

Table 5: Parameters for viscous damper is essential inevaluaing the performance of théhree

Deapacitf® 0.0inch dimensional isolation system.
DeapaciN _5.0inch Farfield horizontal ground motions were selected from the
Ul . suite of motions utilized in FEMA P695 and the
timate Fcompression unlimited ) ;
corresponding vertical components weeken from the
Ultimate Frension 200kip :
PEER website (PEERaccessed9 Nov. 2015) [49].
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Fig. 18: Force Displacement loops produced by damper element

Table6 showstheinformationon ground motionsitilizedin

this study. Thanagnitude of the motions is in the range of
6.5 to 7.6with an average magnitude of 7Fgures 19 and

20 showthe 5%damped acceleration response spectra for
the horizontal and vertical ground motions, respectively.

= Spectra of 40 components

25 HORIZONTAL

Acceleration (g)

— : Average spectra

0.1 1 10
Frequency (Hz)
Fig. 19: Horizontalacceleration response spectra of selected 20

ground motions (total cf0 components)
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Table 6: Farfield ground motions used in dynamic analysis

Values shown are in

. . two horizontal

Earthquake name Recor’ilj;nrgeStatlon directions, then

vertical; unit g

PGA

Northridge Beverly Hills- Mulhol 0.42,0.52,0.32
Northridge Canyon Country WLC 0.41, 0.48, 0.30
Duzce, Turkey Bolu 0.73,0.82,0.20
Hector Mine Hector 0.27,0.34,0.15
Imperial Valley Delta 0.24, 0/35, 0.14
Imperial Valley El Centro Array #11 0.36, 0.38, 0.38
Kobe, Japan Nishi-Akashi 0.51, 0.50, 0.39
Kobe, Japan Shin-Osaka 0.24,0.21, 0.06
Kocaeli, Turkey Duzce 0.31,0.36,0.21
Kocaeli, Turkey Arcelik 0.22,0.15, 00.8
Landers Yarmo Fire Station 0.24,0.15,0 14
Landers Coolwater 0.28,0.42,0.18
Loma Prieta Capitola 0.53, 0.44, 0.56
Loma Prieta Gilroy Array #3 0.56, 0.34, 0.34
Manijil, Iran Abbar 0.51, 0.50, 0.54
Superstition Hills El Centro Imp. Co 0.36, 0.26, 0.13

Chi-Chi, Taiwan CHY101 0.35, 0.440.17
Chi-Chi Taiwan TCU045 0.47,0.51, 0.36
San Fernando LA - Hollywood Stor 0.21,0.17,0.16
Friuli- Italy Tolmezzo 0.35, 0.31, 0.28

5
<
) é VERTICAL
— : Spectra of 20 components § Y/
< ¥

= : Average spectra

0.1 1 10 100
Frequency (Hz)

Fig. 20: Vertical acceleration response spectra of selected 20
ground motions (total of 26omponents)

Figure 21 compares the average spectra of the selected
motions when scaled to a PGA of 0.5gthe horizontal
direction and a PGA of 0.4g in the verticdirection to the
IEEE high requiredesponse spectf&igurel).

It may be seen that th®orizontal average spectrum falls
below thelEEE spectrum but has a wide frequency range
consistent with the IEEE spectrum, whereas \hdical
average spectrum deviates from the IEEE vertical spectrum.
The average verticapectrum correctly displays amower
range and higher values of frequencies thanhtir&zontal
spectrum, which is nappropriatelydisplayedin the IEEE
spectrumFigure 18 alsoconsists othe average spectra of
the scaled motionghus the PGA is 0.6g rather than 0.5g
(horizontal PGA is 0.6g, verticaPGA is 0.48g). The

87



M.Mahmoudiet al.

horizontal scaled motions now bettshow the IEEE
spectrum for frequencies larger than abotizZ2sothe use
of the results of th&agility analysesn thispaperfor a PGA
of 0.6g may be suitable demonstrataf behavior forthe
IEEE PGA 0.5g seismic motions.
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01 1 10
Frequency (Hz)

VERTICAL

]
=
2
=
=
=
=N
Mcceleration (g)

L]
Ll

/ h’ -
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P ~== - Average vertical specira of scaled mottons, PGA=(.6g
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Fig. 21: Comparison of horizontal and vertical average spectra to

IEEE high required response spectra

To perform IDA, the selected ground motions need to be records of bidirectional

progressively increased in
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6. Evaluation of Near-Fault PulseLike

Excitations

Towns close to the active fault zone are more susceptible to
the consequences of seismic risks.such an area, the
seismic risk can be significantly increased because of the
proximity of the built environment to the hazard soufdes
characteristics of nedield earthquakes can greatly affect
the seismic performance of buildingkhe most important
ones are fling step and forward directivityg. many cases,
the latter results inground motion similar to pulses in sites
placed inthe direction of seismic wave propagatidrhis
type of signal contains a velocity pulse, meaning that a
higher energy level is released in a short amount of time.
This causes more severe structural damage tham non
impulsive recorded signals, which higitiis the need to put
more effort into studying the characteristics of the pulsed
signa[50].

Numerous studies on the pulde excitations have been
performed by Somerville et a[51]. They Suggested a
modified method to consider the effects of rupture
directivity. Huang et al. $2] investigatedthe maximum
seismic spectral demand in the néault region. Almufti et

al. [53] Showed the effect of velocity pulse on the design of
structures.

Some ofthe considered sites qualify farlassification as
being in the proximity of active faultsvith pulselike
characteristis, with the closest fault being within 1km to
4km. For these locations, the fragility analysis results need
to be reassessed by conducting thenlinear dynamic
analyss using motions with nedault characteristics.
FEMA (2009) provided a set of such motipmgluding 28
components (56 individual

intensity. The approachhorizontal components) for use in these cases. Table

conformed s to increase the acceleration of the horizontal presents a subset B3 of these records favhich the vertical

component of each pair of horizontadrtical motions while
keeping the vertical thorizontal pealacceleration ratio the
same as in the original,-ascordednotion. The approach to

ground motion component wasailable.
Figures 22 and 23 present the 5%lamped acceleration
response spectra fahe horizontal andvertical ground

scaling the horizontal component is similar to the approachmotions, respectively. The horizontal spectra consist of the

to scaling the Sa component of FEMA P695.

The scaled motions amppliedto repeatedly analyze the
transformemodel by increasing thatensity, thus the peak

50 spectra of faultormal and fault parallel components, and
the vertical spectra consist of the 25 spectra ofvérécal
componentg21]. The average spectra are also shown for

acceleration of the horizontal component of each paireach directionAll of the records (see Tab® do contain

increases byncrements of 0.Q%until there isthefailure of

either the bushings or the isolators. The verticahponent

such pulses.
Nonlineardynamic analysis was performed using the near

of each pair of groundhotions is increased by an amount fault motions for the threeases ofbushing asnstalled

different than 0.05g so th#the final scaled pair maintains

frequencies (4.3, 7,’/and 11.3Hz) of the 320 and420and

the peak vertical to peak horizontal acceleration ratio as in520 kip transformes without and with isolators of

theoriginally recorded ground motion.
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Table 7: NearFaultpulselike ground motions used in dynan@oalysis

Numerical Methods in Civil Engineering;4 (2022)78-97

Earthquake Recording Station Values shown are in two horizontal directions, then vertical; units g, in/sec
M ‘ Year ‘ Name Name PGA PGV
Pulse Records Subset
65 | 1979 Imperial El Centro Array #6 0.44,0.40, 1.89 44.0, 255, 25.0
' Valley-06 4 44,040, 1. .0, 255, 25.
Imperial
6.5 1979 Valley-06 El Centro Array #7 0.46, 034, 0.58 42.8,17.5, 10
69 | 1980 ”p'”'%'l”a'y - Sturno 0.230.310.23 163,17.9, &
6.9 1989 Loma Prieta Sarato- Aloha 0.36, 0.38,0.40 21.9,17.0,11.0
6.7 1992 Erzican, Turk Erzincan 0.49, 0.42,0.23 37.4,17.8,6.5
Cape .
7 1992 Mendogino Petrolia 0.61, 0.63, 0.17 32.2,23.8,8.0
7.3 1992 Landers Lucerne 0.71,0.79, 0.82 55.1, 20.8, 16.2
6.7 1994 Northrid-01 Rinaldi Receivin Sta 0.87,0.42, 0.96 65.7, 24.6, 16.6
6.7 1994 NorthridgeO | Sylmar- Olive View 0.73, 0.60, 0.54 48.3,21.4,7.3
7.5 1999 Kocaeli, Turk lan it 0.15,0.22,0.14 8.9,11.7,4.9
76 | 1999 CTh'.'Ch" TCU065 0.82, 0,59, 0.26 502, 31.6, 27.3
alwan
76 | 1999 CTh'.'Ch" TCU102 0.29,0.17,0.18 419,305, 26.9
alwan
7.1 1999 Duzce, Turk Duzce 0.36,0.52,0.35 245,31.2,7.9
2350 A . To investigate the effects of nefault motions with pulse
5% damped 2 N /| HORIZONTAL . L
ERYR S ) like characteristics, the results of thenalyses were
— - ] - fN A . .
- Spectra of S0 components 8 )| | N A evaluated. For example, the history of the acceleration at the

- Average spectrum

center of massGM) of the bushing in the transverse
direction in the Imperial valley Earthquaké (ElI Centro
Array#6 record) is shown iRigure24 in the fixed base
position, horizontd isolation and threedimensional
isolation systemwith rocking, respectivelyThe results

0.1

10

Frequency (Hz)

show that only horizontabkolation reduces thenaximum
horizontal acceleration of theéM of the bushing by about
30% relative to the fixeBaseposition In contrastathree

Fig. 22: Horizontal acceleration response spectra of selected 25 dimensionalisolation system withrocking motion has a

nearfield ground motions (total of 50 components)

muchmore significaneffect on reducing the acceleration of
the CM of the bushing so that it reduces the maximum

— : Spectra of 25 components

T : Average spectrum

Fig. 23: Vertical acceleration response spectra of selected 25
nearfield ground motions (total of 2&omponents)

-
Acceleration (g)

I VERTICAL

horizontal acceleration of theéM of the bushingyy about
75% compared to the fixedaseposition Hence,using a
threedimensionalisolation system in neafault motions
with pulselike characteristicds very costeffective and
reduces théailure probability of the transformer Figure24
shows the acceleration values in different madels

In the following to evaluate theeismicperformancef the
threedimensional isolation system in the nearfault

Frequency (Hz)

excitation with pulselike characteristics the horizontal
displacement of theriple FP isolatorand the vertical
displacement of the sprirdamperunit weremeasuredThe
results show a sharp increase in horizodisplacement of
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thetriple FPand vertical displacement of tepringdamper
unit compared to thefar-field motions. The maxmum
horizontal displacement of ttigple FPisolaor has reached

Numerical Methods in Civil Engineering;4 (2022)78-97

capacity of thetriple FP isolator and the verticalynamic
displacement of the sprirdamper unitHence,n nearfault
motiors with pulselike characteristicsthe use of three

about 150 inches which has increased more than three dimensionalsolationimproves theseismicperformance of

times compared tfar-field motions Figure25 compares the
response historgf horizontal displacement of triple friction
pendulum islator in the farfield ground motion
(Northridge Earthquakd@everly HillssMulhol record)with
the neaffault pulselike ground motion Ifmperial valley
Earthquaked6, El CentroArray#6 record)

acceleration at the CM of the bushing in the transverse direction

2.5

2 Near-Fault Pulse-Like Ground Motions
_ 15
']
T 1
Q
S 05
9
3 0 i N
”g 05 0 15 20 25 30 35 40 a5
<4

-15

2

-25

Time{second)

~—fixed base —— horizental isolation three-dimentional isolation system with rocking

Fig. 24: Acceleration at the CM dhebushing in the transverse
direction in the Imperial vallefzarthquaked6 (El CentroArray#6
record)

Horizental displacement of triple Friction Pendulum
isolator

20
three-dimentional isolation system with rocking

10

w

Displacement(inch)
o

-10
-15

-20
Time{second)

—— far-field ground motion ——nearfault pulse-like ground motion

Fig. 25: Comparison ofhorizontaldisplacement dfriple FP
isolator in the faffield ground motion with the nedault pulse
like excitation

Also, the dynamic vertical displacement dhe spring
damper unitisolatr has reached aba2i3inches whichhas
more than doubledompared tdar-field motions,so in the
nearfault motiors with pulselike characteristics the
horizontal and vertical displacement of the three

the transformer and significantly reduces thefailure
probability of thetransformer.

7. Fragility analysisresults

Fragility analysis has begrerformedand results argshown
in terms of curves othe probability of failure versus PGA
for the cases in Tabk

Table 8: Analyzed cases aforrisolated and isolated transformers

Case Parameters

Transformer (by weight in kip) 320; 420; 520

Bushing (by No. and frequency
per Table 1

3 (f=4.3 Hz); 6 (=11.3 Hz); 8
(f=7.7 Hz)

Bushing Inclination (degrees) 0; 20

1 or 2g forthetransverse direction|
and 5g fothelongitudinal
direction

Bushing acceleration lim{g)

Norrisolated; isolated in the
horizontal direction; three
dimensional isolation with rocking

Isolation system type

Horizontal isolation system
ultimatedisplacement capacity
(inch)

17.7; 27.7; 31.3(without inner
restrainer)

Vertical isolation system
(vertical stiffness and damping
constant per isolator, stroke)

K=44 kip/in, C=3.4 kips/in,
Stroke 5 in

Failure isspecifiedwhen any of the following criteria t®
happenwhichever occurs firgtL8]:

1) The acceleration at thEM of the bushing in the
longitudinal bushing direction exceeds 5g, or

2) The acceleration at th€M of the bushing in the
transversalirection exceeds 1g or 2g (two different cases),
or

3) Thetriple FPisolator horizontal displacement exceeds the
ultimate capacity limit of 17.727.7, and 31.3nches(three
different cases), or

4) The net uplift FP isolator displacement exceeds 2
inches or

5) The analysis terminates due to numerical instability
problems.

7.1Fragility data for farfield motions

Incremental dynami@analyses have been performeasing
the farfield motionsfor transformers and bushings listed in
Table4 and the values d?GA:= a and (dispersion factgr

dimensional semic isolationsystem increases sharply, and are shown in Table.
this leads to an increase in the horizontal displacement
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Table 9: Fragility dataof the analyzedtransformergor far-field motions

Transformer Bushing Isolator D_|spl. Bushing Accel. Horizontal Isolation . threg-dlmensmna]
Wei h Capacity L Non Isolated isolation system with
eight (kip) Freq.(Hz) (inch) Limit (g) Only rocking
PGAH(g) b PGAHg) b PGAK(g) b
2 0.76 0.36 1.01 0.31 1.31 0.34
320 & 177 1 0.38 0.36 0.77 0.38 1.03 0.30
43 177 2 0.93 0.27 0.94 0.30 1.23 0.36
1 0.47 0.27 0.92 0.30 0.89 0.36
177 2 0.76 0.36 0.96 0.30 1.29 0.36
) 1 0.38 0.36 0.78 0.36 1.02 0.31
77 277 2 0.76 0.36 1.13 0.32 1.66 0.35
420 1 0.38 0.36 0.86 0.37 1.46 0.33
313 2 0.76 0.36 1.25 0.36 1.96 0.38
) 1 0.38 0.36 0.84 0.39 1.58 0.36
177 2 1.37 0.28 0.92 0.31 1.38 0.37
113 ) 1 0.68 0.28 0.77 0.32 1.28 0.35
' 277 2 1.37 0.28 1.05 0.34 1.74 0.36
) 1 0.68 0.28 0.82 0.34 1.58 0.34
2 0.76 0.36 0.94 0.32 1.09 0.34
520 7 177 1 0.38 0.36 0.78 0.36 1.01 0.32

Figures 26 and 27 presentfragility curves for the 42&ip
transformer with the 7.z (No. 8) bushingnclined at 20 oA 030
degrees and with the triple FP isolators having -Irfci o8
displacement capacity e lower bound friction case and
without an inner restrainefor farfield motions and
transverse acceleration imit equal to 1g and 2g,
respectively

far-field motions

transverse acceleration limit= 1g

GA= 0.86g

po 037 Deapacity = 27.7 (i)

PGAp= 1.46g

p=0.31 ——fixed base

Probability of failure

~——Horizental isolation

Three-dimensional isolation system with rocking

far-field mations e
PGA(g)

Fig. 28: Fragility curves for 42&ip transformer with 7. Hz
bushing (No. 8)nclined at 2@legreesisolatorultimate
displacementapacity of27.7inchesfor far-field motions,

transverse acceleration limit= 1g

Deapacity = 17.7 (im)

086

Probability of failure

o PGAp= 1.02g - .
p- 031 —fixed base transverse acceleration limitlg
0s ——Horizental isolation
01 Three-dimensional isolation system with rocking s PCA-076g far-field motions
. os : = ; P : P : s 0 p=036 transverse acceleration limit-2g
— GAp= 1.13g
5 o7 f= 032 Deapacity = 27.7 (i)
Fig. 26: Fragility curves for 42kip transformer with 7. Hz £
bushing (No. 8)nclined at 2@legreesisolatorultimate £~
displacementapacity of17.7inchesfor far-field motions, g Poam e b
transverseacceleration limit= 1g o P08 —Horizeatal issiation
10 ] | o1 Three-dimensional isolation system with rocking
09 PGAs= 0.76g far-field motions 00
08 transverse acceleration limit=2g ’ ” ’ ” ’ PGA(g) ” ’ ” ! "
= Ar= 0.96g, Deapacity = 17.7 (in)

Fig. 29: Fragility curves for 42ip transformer with 7. Hz
bushing (No. 8)nclined at 2@legreesisolatorultimate
PGA- 129 Tiedbase displacementapacity of27.7inchesfor far-field motions,

p=0.36

Probability of failure

~—HerBry s transverse acceleration limsit2g
ot Three-dimensional isolation system with rocking
& 3 o ; = : «  7.1.1 The effect of increasing the displacement capacity of
PGA(g .
triple FP
Fig. 27: Fragility curves for 42(kip transformer with 7. Hz To investigate the effect of increasing the displacement

bushing (No. 8)nclined at 2Glegreesisolatorultimate . . . . .
displacementapacity of17.7inchesfor far-field motions, capacity othetriple FPisolator inPGAr values, incremental

transverse acceleration linit2g dynamic analges have been performed ftire triple FP
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isolator with a capacity a27.7 inches. ie corresponding to the lack of vertical isolation that mitigates the vertical
fragility curvesare diplayed for transverseacceleration  earthquée effect.

limitsequal to 1g and 2dn Figures 28 and 2%spectively

The results show that increasing tfisplacementapacity

of thetriple FP isolatohas a significant effect on increasing

the PGA: values because the horizontablation system

reaches thefailure limit later, and thus the seismic

performance of thsolationsystem improve.

7.1.2The effect othevertically placed bushing

Figure 30 presentdragility curves for the same systems as

those for which fragilitycurves are shown iRigure 26 but

for the bushings that are vertically placed insteddained Fig. 30 Fragility curves for 42ip transformer with 7. Hz
at 20 degreed here areslight differences between the two bushing (No. 8)yertically placed bushingsolatorultimate
cases, apparently due to theadl inclination angle except displacementapacity of17.7inc_hesf(_)r _far-field motions,
for the horizontalonly isolated transformer when the transversacceleration limi¢ 1g
transverse acceleration limit is 1g. Then therenistaceable
reduction in the probability of failure when the bushing is
vertical. This is likely due to a small contilon of the Incremental dynamic analyzes have been performed using
vertical component of the earthquake in magnifying the the nearfield motions for transformers and bushings listed
transverse acceleration of inclined bushings. This is morein Table5and the values ?GAra and (dispersion factor)
pronounced in th&orizontatonly isolated transformer due ~ are shown in Tabl&0.

7.2 Fragility data for pulselike excitations

Table 10 Fragility dataof analyzed transformers for nefault pulselike excitation

Transformer Bushing Isolator Displ. Bushing Accel. Non Isolated Horizontal Isolation istcl:lft%glg]es?;ﬁrﬁlth
Weight (kip) Freq. (Hz) Capacity (inch) Limit (g) Only roclzling
PGAH(9) b PGA:(9) b PGAH(g) b
2 0.50 0.40 0.76 0.32 1.22 0.38
320 7 177 1 0.25 0.40 0.58 0.38 0.95 0.33
43 177 2 0.61 0.30 0.76 0.31 1.14 0.40
1 0.31 0.30 0.69 0.30 0.83 0.40
177 2 0.50 0.40 0.72 0.31 1.20 0.40
' 1 0.25 0.40 0.58 0.36 0.95 0.34
77 277 2 0.50 0.40 0.85 0.32 155 0.39
420 ' ' 1 0.25 0.40 0.65 0.37 1.36 0.36
313 2 0.50 0.40 0.94 0.36 1.82 0.41
' 1 0.25 0.40 0.63 0.40 1.47 0.40
177 2 0.90 0.31 0.69 0.32 1.28 0.40
113 ' 1 0.45 0.31 0.58 0.32 1.19 0.39
' 277 2 0.90 0.31 0.78 0.34 1.62 0.40
' 1 0.45 0.31 0.61 0.35 1.47 0.38
2 0.50 0.40 0.71 0.32 1.02 0.38
520 7 177 1 0.25 0.38 0.58 0.36 0.94 0.35

Figures 31 and 32 presentfragility curves for the 42&ip
transformer with the 7.Az (No. 8) bushingnclined at 20
degrees and with the triple FP isolators having -Irci
displacement capacity the lower bound friction case and
without an inner restrainerfor nearfault pulselike
excitationandtransverseacceleration limg equalto 1g and
2g, respectively

Fig. 31 Fragility curves for 42ip transformer with 7. Hz
bushing (No. 8)nclined at 2@legreesisolatorultimate
displacementapacity ofl7.7inchesfor nearfault pulselike
motions,transversecceleration limit 1g
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