ABSTRACT

SINGH, SUGANDHA. Factors Affecting Seismic Response of Electrical Equipment in Nuclear
Power Plants Subjected to Higfrequency Ground Motions. (Under the direction of Dr. Abhinav
Gupta and Dr. Ashly Cabas).

Nuclear powerplants in lowtoi moderate seismicity regions are subjected to thigh
frequency ground motions. However, the safe shutdown earthquake for most of the plants is based
on the lov frequency ground motions recorded in Western United States. The safety systems in
nuclear power plants rely on electrical equipment which are sensitive tdfrieigiency
accelerations. The electrical equipment are qualified by comparing their seismic capacity from
shake table tests with thé tabinet response spectrum (ICRS). Thisatisgion studies the effect
of different factors such decalized nonlinearity in cabinet mounting arrangement such as gaps,
interaction of buildingcabinet systemetc., on ICRS These factorsare ignored by the
conventional uncoupled linear elastic lyse. The effect ofocalizednonlinearities is not critical
for low frequency ground motions but can be quite important in the case of high frequency ground
motions. Analyses of SDOF cabinetodelswith gaps subjected to low frequency harmonic
acceleratin show that transient response due to localized impacts at cabinet base can increase the
total response and lead to higfequency peaks in the ICRS. For high frequency motions, the floor
motions can be filtered out by gaps when floor displacements akesiihan the gap length.
Furthermoreit is observed thabuildingi cabinet interactio results in a redition of the spectral
amplitudesn ICRS but interaction occurs only when the gap is closed. The effect of interaction in
nonlinear coupled systeswith high frequency tuned modes subjected to higgguency ground
motions is relatively dwer as compared to that in a linear system. Characterization of high
frequency design ground mot®at a givensite is difficult because only a few recorded ground
motionsmay beavailable in lowtoi moderate seismicity regions. Sisepeci f i g iskappa (

sitel specific attenuation parameter commonly usetb capture nedisurface in stochastic



simulatiors of groundmotions andhosi toi target adjustment methods. This dissertation proposes
aclosed form equation teestimateprobabilisticdistributions ofeg usingavailablesite parameters
such as sheawave velocity and soil damping ratio in regions where recordathgrmotions are

not available This analytical formulation to capture nésurface attenuation represents a step

toward improving the characterization of higtequency energy content at NPP located in CEUS.
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Chapter 1

Introduction



1. Introduction

Majority of nuclear power plants (NPP) in United Stateslocated in Central and Eastern United
States (CEUS)The CEUS is a lowtoi moderate seismicity regiandthus,lacksground motion
recordings for design sdafghutdown earthquake (SSE) spectrum at NPP. Site SSE
recommended by United States Nucl edasbhas®Rlegul at o
earthqiake data recorded in Western United States (WUS) which hadréowency content.
However,as shown irFigure 1, theground motion studies (SSHAC, 1997; EPRI, 2013; PEER,
2015) conducted ifowi toi moderate seismicity regions such@sUSindicate that te ground

motion response spectrasatch regiongxceed safe shutdown earthquake at high frequercies.
study by Electric Power Research Institute (EPRI, 2007) foundhbatigh frequency ground
motions do notcause severe structural damag®wever, thefunctionality of safety related
electrical equipment such as relagsaffectedby highi frequency acceleration3herefore, the
seismic response of electrical equipmehen subjectetb high frequency ground motiomust

be studied The safetyrelated electrical equipment such as relays initiate gafe shutdown
procedurein nuclear power plants (NPP) during an earthqudkee electrical equipment are
seismically qualified before use in NRRhich requires comparisons shiake tald test results

for electrical equipment with the seismic response of electrical equipment obtained from analysis

of NPP systeméPRI, 2014)

Figure 2 showsa schematic of thanalysis proceduresed to generate ICRS for seismic
gualification ofthe saétyi related electrical equipmeris shown in thidigure, he analysis of
building subjected to a ground motion yields floor acceleratidhe safetyrelated electrical
equipment are mounted on electrical cabinetgabinet acceleration at tthecationof equipment

is evaluated fromhie analysis of cabinet subjected to floor accelerattonesponse spectrum



calculated fromin-cabinet acceleration is known bscabinetResponsespectrum (ICRS). The

acceleratiorcapacity of electrical equipment froshake table tests is then compared with ICRS

to seismically qualify electrical equipment.

' -4 5% Damping /N e SSE (RG 1.60)
Y »4 / 5( \ e GMIRS
' ARy
L » //// \ \'
L T
e L w .
L"'...'ik_.:' Frequency. Hz
(b)

Figure. 1.(a) United States Seismic Hazdvthp and Nuclear Power Plahbcations (b)
Comparison of Safe Shutdown Earthquake and Ground Motion Response SpeetfLiEuU&
site(EPRI, 2014)
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Conventionally uncoupledinear analyses of buildifigabinet systems are conducted to
evaluate ICRS. The ICRS from linear analyses have high spectral amplitudes at high frequencies
(Singh, 2017). However, the experimental study conducted by Vlaski 2048,2019) indicated
tha the highifrequency accelerations do not propagate to the electrical equipment. Herve (2014)
suggested that a gap may be present at the bolted conreetiieeen thduilding floor andthe
electrical cabinebase plateSince high frequencyaccelerationsnduce low displacementhe
seismic motion does not propagate to the electrical equipmenanBhgsisconducted by Singh
(2017) shows that for most cases of buildicapinet systemshe highfrequency seismic motions

do not propagate due to the gap.

The analysis conducted by Singh (2017) observed figdpuency peaks and valleys in the
ICRS. Such an odd response of electrical equipment is explained to occur due to impact induced
in the cabi net \ipacts withtieancloabbli headldwéver, the @xplanation
for occurrence of peaks and valleys @riodic interval offrequencies requiregreater
investigation and explanatiorirurthermore,Singh (2017) studied the response of electrical
equipment of linear and nonlinear models of undéedigingle degree of freedom (SDQ#lilding
andcabinetsystemsThe uncoupled analysis ignores the efe€tbuildingi cabinet interaction as
well ascontribution ofhighi frequency modem a multii degrees of freedom (MDOF) system on
the ICRS Thereforejt is important to explore the effect of these factors iIMBOF building
MDOF cabinet system. Finally, due to limitadmber of earthquake recoragailable in regions
such asCEUS the characterization of appropriate ground motions needed in seisatificgtion
of equipment requires simulatidrased approach. Sitp e ci f i @) iskaa ptferuatiqn o
parameter which is commonly used in #techasticsimulation of ground motions and in hiost

toi target adjustments of ground motion models. Using taaditirecorecb as ed medarhod s,



only be evaluated in regions where abundant ground motion daaaaitable Further exploration
of alternative metregianswith |bvidoi modesate isemsmitity (e.g., CEUS)
is essential to further characterize nearface attenuation and appropriate constraints to- high
frequency seismic energy itme expected ground motions. To addressséfemitations this

research is divided into three maarts:

1 Effects ofboundaryconditionson seismicrespons®f electrical equipmentsubjected tdigh-
frequencygroundmotions

1 Understanding theseismic response ofIDOF building i MDOF electrical equipment
subjected tdighi frequencygroundmotions.

1 Quantification of thecontribution ofsedimentarydeposits tohighi frequencyattenuation in

lowi toi moderateseismicity regions via theite transferfunction

2. Background
2.1. Effects of Boundary Conditions on Seismic Response of Electridatjuipment Subjected

to High-Frequency Ground Motions

Singh (2017) shows that for nonlinear cabinet models withs,gtlie spectral acceleration
amplitudes are usually lower as compared to the linear analysis. The difference between linear and
nonlinear calsiet models is rather significant for the case of higdguencybuilding (primary
system) highi frequencycabinet §econdary systensubjected to highifrequency ground motion.

It is shown that in a particular case, fhek spectral acceleratiorom alinear analysis is 3509
whereaghat fromthe nonlinear cabinet model with gegponly 4g. Even though the nonlinear

cabinet models with gap are found to have lower peak spectral acceleratiol@R&ehows



periodic pattern of peaks and valleys at higlgiendes This unique behavior oiCRS in
nonlinear cabinet models must be studied and explained using fundampentiples An
analytical model of nonlineaingle degree of freedor8DOR system isused to study this aspect
and explain thebserved behavior.ne unique nature dCRS in nonlinear cabinet model with
gap is explained by studying the response ofi lawd higfifrequency SDOF systeswith gap

subjected to harmonic excitat®n

2.2.Understanding the Seismic Response of Electrical Eqpament Subjected to High

Frequency Ground Motions

The study bySingh (2017)analyzd uncoupled SDOBuilding and SDOFcabinetsystemsone

of theassumptions in the study ithat the majaty of response is contributed by the fundamental
building mode whik for the electrical cabinet significant modeontributesto theresponse of
the equipment (Gupta et al., 1999). Even thouglhidiel frequency accelerations filter out due to
the gap before reaching the equipmengny factors such as contribution bfgher frequency
modes obuilding andelectrical cabinetanass interaction between tuned modelsuiifling and

electrical cabinetiocaton of equipment, etcare ignored in uncoupled SDOF systems analysis.

The currentpractice for seismic qualification of electrical equipment is to conduct linear
uncoupled analysis djuilding cabinetsystem However, the results obtained from uncoupled
analysis are conservative antnyelectricaldevices ofterdo not qualify for use in the nuclear
power plant (EPRI, 2017; Dubey et al., 2019). A coupled analybisildingi cabinesystengives
a realistic representation ofgabinet motion and the ICR8arious studies (BurdissmdSingh,

1987; GuptaandGupta, 1997; EPRI, 2017; Dubey et al., 2019) to evaluaséructure response



spectrum (ISRS) by conducting coupled analysis yields spectral ordinates which are 50%

(sometimes even more) lower thaongk obtained frormnuncoupled analysis.

For a coupledinear analysisthe effect of mass interactitvas beerstudied quite widely.
Moreover, the studies conducted to understand the effect of geometric nonlinearities (Rydell et al.,
2014; Singh, 2017)roequipment response performed uncoupled analysis. However, it is important
to study the combined effect of mass interaction and geometric nonlinearities on the response of
electrical equipmeniThe study presented in this dissertation consittersnodalfrequencies of
multiple degrees of freedom (MDOBilding thatcoincide with the peak frequencies of ground
motion response spectra@ell aghe modal frequencies of MDQdfectrical cabinet. The cabinet
modesare either tuned or nearly tuned with diéfiet modes ofhe building Hence, the effects of
various factors such as mass interaction, gaps, tuning of diffaréding cabinetsystem modes,

etc. are reflected in tHERS.

2.3. Quantification of the Contribution of Sedimentary Deposits to Highi Frequency

Attenuation in LowT toi Moderate Seismicity Regions via the Site Transfer Function

The spectral decaparameter ka p p a as; (Aederson and Hough 1984) characterizes the
attenuation of seismic waves at high frequencies as they travel fr@outee to ground surface.
Kappa isusuallycalculated frorma linear decay of the Fourier Amplitude Spectrum (FAS)a
recorded acceleration time history when plotted on natural log (amplitudear (frequency)
space. Kappa values evaluated from réedrmotions at a particular site are linearly correlated to
the epicentral distance,eff(Anderson and Hough, 1984; Ktenidou et al., 208Xgi specific

k a p poas Is evaluated at zero epicentral distancey,f®) andrepresents the attenuation of



vetrtically propagating shear waves through the shallow geology of the soil profile (Anderson 1991,
Ktenidou et al., 2012)0_as describes combined effasabf anelastic attenuation (often captured

by material damping ratios), and wave scatteanthe site Parolai and Bindi2004; Cabas et al.

2017, Pilz andFéh, 2017). Estimates of kappareuseful in the stochastic simulation of ground
motions (e.g., Boore, 2003) and in empirical ground motion prediction equations (e.g., Laurendau

et al., 2013)

Th e v a lousaaffects the aesponse spectral shape and specifically the frequency at
which pe& spectral acceleration occurs (Silva and Darragh, 1995; Boore and Joyner, 1997;
Malagniri et al., 2000; Biro and Renault, 2012; Laurendau etal., 2683). a | oway al ue ¢
which is mostly observed at rock sites, the peak spectral accelerationstduglier frequencies.
The safetyrelated equipment used in critical facilities such as nuclear power plants, electrical
substations, data centers, etc., are sensitive té fregjuency accelerations thus, affecting safety
and functionality of the facii y . H e 43 s ean important factorequired for stochastic
simulation or hostoi target adjustment methodis evaluate ground motion response spectrum

(GMRS) for engineering design purposes.

30 _As can be easily evaluated at highly seismic regionauseof the number of recorded
strong ground motion records, but that is not the case at regions witb-roaderate seismicity.
The approach proposed by Drouet et al. (2010) evalaatesm the decaying slope of the site
transfer function (hereafterfree r r e d_trtwhbichansasuses the attenuation between the rock
and the ground surface. A sitebs transfer fun
content in the ground motion as it propagates from a reference rock horizon to the griags] su
while accounting for the dynamic properties of the sedimentary column (namely, stiffness and

anelastic attenuation). Il n this studygerr we pr



values from a closédorm equation based only esite paraeters, namely shear wave velocity

and material damping ratio. The equation is derived using a dayge linearelastic theoretical
transfer function and uncertainty quantification analyses are conducted to provide a probabilistic
descr i pinsteadof thef more common, yet limited, deterministic values available in the

literature.

3. Research Objectives

Themain objective of this research is to understand the effect of various fatbras geometric
nonlinearity at cabinet base, interactibatween buildingicabinet system, subjected to High
frequency ground motion®n the ificabinet response spectrumnd provide a better
characterization of such higliequency ground motiorts further facilitate seismic qualification

of electrical equipmenihe primary objectives of proposed research are listed below:

1 Study the response of single degree of freedom system with and without geometric nonlinearity
at the base and understand the difference in the response of both systems.

1 Understand the effectsf buildingi cabinet interaction, localized geometric nonlinearity such
as gaps, higifrequency modes of MDOF building and MDOF cabinets, and the ground motion
characteristics such as peak ground acceleration and frequency content, on the ICRS.

1 Investigatealternative methods of estimation of s#jgecific attenuation parameters for fow
to-moderate seismicity regions, such CEUS.

1 Provide a probabilistic characterization of the-specific attenuation parameter based on
readily available site conditionsahcan be further used in the adjustment of the-high

frequency content of design ground motion spectra for NPP.



4. Proposed Tasls

Following research tasks are proposed to conduct this research:

4.1. Effects of Boundary Conditions on Seismic Response Bfectrical Equipment Subjected
to High-Frequency Ground Motion

1 Consider a single degree of freedom (SDOF) system with gap at the base mounted on a
frictionless surface.dentify the stages and conditions obntact and no contaof the SDOF
base with the@nchor bolt

1 Characterize each stage of SDOF by appropriate equations of motion and derive the solution
for each equation.

1 Develop a MATLAB code to obtain the total as well as transient and $t&atly responses of
the SDOF gap model subjected to harmgmnaund motion.

1 Analyze the nonlinear SDOF system with natural frequencies ranging froml10@Hz
subjected to harmonic ground motion with low, intermediate, and high excitation frequency.
Examine the variation of maximum total acceleration response of the different Si3t@fs
with their natural frequencies.

1 Conduct a parametric study by analyzing the linear and nonlinear SDOF systems with low
and highfrequencies same as that of the excitation frequencies of harmonic ground motions in
the previous step. Based on ttisplacement response time history of linear and nonlinear
SDOF systems, study the differences between transient, staigy and total responses.

1 Utilize the response spectra obtained from the analysis to compare and explain the results

obtained by Sinig (2017).
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4.2.Understanding the Seismic Response of Electrical Equipment Subjected to High

Frequency Ground Motions

Create multidegrees of freedom (MDOF) primary (building) systems such that a few modal
frequencies coincide with frequencies at which pedksetected low and higfifrequency
ground motion response spectra occur.

Create MDOF secondary (cabinet) systems with modal frequencies tuned with different modal
frequencies of the primary systems. Calculate modal mass ratios for all the psetarydar

system combinations.

Create cabinet systems with fixdzhse, 1mm gap and 3mm gap at the cabinet base.

Perform coupled as well as uncoupled analysis for all the systems.

Compare results for linear and nonlinear coupled as well as uncoupled analysesaesal
Summarize the effect of various factors such as mass interaction, gap, frequency, and

amplitude of ground motions, etc., on thedabinet response spectrum.

4.3.Quantification of the Contribution of Sedimentary Deposits to Highi Frequency

Attenuation in LowT toi Moderate Seismicity Regions via the Site Transfer Function

1 Select various study sites with linear soil response and differenti slaaa@r velocity (\)

profiles from the Kiknet database. Select at least ten recordiing fr@cordings at bedrock

and surface) at each site to evaluatd spiecific kappa from both acceleration spectrum and
transf er f unoxdainadnr)ohre frdguedcy l{aplse using automated procedure

of Ji et al. (2020) for each recording pao that the frequencies for bedrock and surface
recordings ar e s amegasdmadretmdstabtish eqaivaldncydetwepra r e
the two methods.

11
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1 Conduct 1D lineaelastic site response analyses at each site to calculate theoretical transfer
functions. Fi nd e sdrd usiagt frequenay fbands ldetevmined forcseel 3
records. Quantify wuncer trabyaccoyntingiorthelvaiabllite t i ¢ al
in material damping ratio.

1 Deriveaclosed or m equat i ofrfortacsingéelayarlappeoxineatioa of the soll
profile. Run Mont e Garrdtinnates by aoedurdingifoovargbiltym o bt a
both Vs and damping ratio for a single layer.

T Pot and compare pr ob a#gredstimatgs framesitesecardg, 1D limearc t i o n
elastic site response analysis (accounting for uncertainty in damping ratio of each layer), and
Monte Carlo simulations of closefbrm equation (accounting for uncertainty in bothavid

damping ratio for a singleyar).

5. Organization

This dissertation consists of five chapters. Chapter 1 describes the introduction to problems faced
by nuclear power plants in seismic qualification of electrical equipment due tofrieighency

ground motions and furtheiscusses the objectives of the research. Chapter 2 describes the effect
of boundary conditions on response of electrical equipment. Chapter 3 discusses the effect of
various factors such as coupled nonlinear analysis and amplitude of ground motion on ICRS
Chapter 4 proposes evaluation of probabilistic estimates adfspieific kappa using site
parameters. Chapter 5 presents the overall summary and conclusions of the study conducted in

chapters 4.
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Abstract

In Central and Eastern United States (CEUS), the ground motion studies at various nuclear power
plants sites have observed that the ground motion response spectra haveghigicy content
contrary to the design spectrum suggested by Unite@ Stat Nucl ear Regul atory
Reg. Guide 1.60. The highequency ground motions do not damage the structures, however, the
safetyrelated equipment such as relays are sensitive teffegbency accelerations. The response

of electrical equipment igiven by an ircabinet response spectrum which depends on the response
the electrical cabinets as well as the buildings. The conventional linear analysis to evaluate in
cabinet response spectrum assumes a-toes@ connection between electrical cabindtféoor.

The linear analysis may predict unnecessarily high peak spectral acceleration response of electrical
equipment. However, modeling electrical cabinet with geometric nonlinearities such as a gap in
the connection with building floor shows that hifyjaquency accelerations may not propagate to

the electrical equipment. A closer look at the results from analysis of nonlinear cabinet model with
a gap subjected to seismic ground motion shows periodic pattern of secondary peaks and valleys
at higher fregancies. In this research, the unique nature-ohininet response spectra of nonlinear
cabinet model with gap is explained by studying the response eflwvhighfrequency single

degree of freedom (SDOF) system with gap subjected to harmonic excifBiienincabinet
response spectra obtained from analysis of nonlinear SDOF systems shows secondary high
frequency peaks similar to the ones obtained by seismic ground motion analysis of nonlinear
electrical cabinet models. The occurrence of periodic pattepeaks and valleys is found to be

due to the interaction of transient and stestdye response of the nonlinear SDOF system.
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1. Introduction

The safetyrelated electrical equipment such as relays in nuclear power plants are required to
function adequaly during and after an earthquake to maintain safe operation or to initiate safe
shutdown of the plant. Seismic qualification of such electrical equipment and relays is typically
conducted by shake table tests in which the earthquake input is defieechsnaf an ircabinet
response spectra (ICRS). The ICRS is generated by a dynamic analysis of the electrical cabinet or
control panel on which the relays are mounted. The earthquake input at the base of cabinets is
defined by an isstructure response spaah (ISRS) corresponding to the floor at which the
cabinet is located. Historically, the design earthquake input at almost all nuclear power plant sites
in the United States has been characterized by a safe shut down earthquake in accordance with
US NR C égs GuRle 1.60 (USNRC, 2014). The spectrum shapes recommended in Reg. Guide
1.60 were derived using actual earthquake records from western United States. The earthquake
records used for developing the spectrum shapes in Reg. Guide 1.60 contained pomarily
frequency ground motions. Consequently, the first few low frequency modes of the building as

well as the cabinets were sufficient to evaluate accurate ISRS and ICRS.

The ground motion studies conducted on Central & Eastern United States (QELERY
power plansitesafter the Fukushima Daiichi nuclear accidaioing withother more recerstudies
(SSHAC, 1997; EPRI, 2013; PEER, 201@ve showrthat the ground motion response spectra
(GMRS) in CEUSontain significant high frequency content in theugpnd motions. A comparison
of the Reg. Guide 1.60 spectra with a corresponding GMRS at one of the nuclear power plant sites
in eastern US is shown in EPRI (2015). The recently determined GMRS has a spectral peak in the
vicinity of 30 Hz whereas the Regufde 1.60 spectrum curve has peak spectral accelerations in

a much lower frequency region.
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In general, the high frequency motions are not considered damaging in a relative sense
when compared to the damaging potential of low frequency earthquakes. 3tibasause the
displacements associated with the high frequency motions are much smaller compared to those
during low frequency ground motions. However, the same is not true about the seismic response
of electrical equipment like relays. It has been oleithat the functionality of relays can be
compromised during high frequency vibrations even if they have been seismically qualified for
low frequency ground motions (EPRI, 2007). This is because the mechanical parts in the relays
and other electrical eqament are sensitive to accelerations and not displacements. The
mechanical parts tend to resonate with the high frequency accelerations but not with low frequency
accelerations. Consequently, the electrical equipment must be qualified for high frequency
earthquake motions. Seismic qualification of relays for high frequency ground motions has not
been straightforward. A key limitation in this process is related to the availability of appropriate
shake table facilities. Most of the commercial facilities hdigplacementontrolled shake tables
and can conduct tests only for earthquake motions in the low frequency range. Availability of only

a few appropriate high frequency shake table testing facilities makes the testing quite costly.

The stateof-the-art & well as the current practice for generating the ISRS and ICRS is
based on a linear analysis of the building and the cabinet. It is important to note that a linear
analysis is justified for low frequency ground motions. However, a linear analysis for high
frequency ground motions cannot be completely justified. In order to fully explain this premise,
one has to understand that in general there are many localized nonlinearities that exist in buildings,
cabinets, and in the mounting region of the cabindtuseonsider a structure with a nonlinearity
due to a very small crack that might have resulted from any reason. Such cracks do not pose a

problem for low frequency ground motions as the displacements associated with the low frequency
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motions are much lger than the size of the cracks. The relatively small size of cracks do not
interfere with the low frequency vibration shapes of a structure. However, the displacements due

to high frequency motions can be of the same order as the size of cracks arndadrcase, the

cracks have the potential to filter out the high frequency displacements. Based on this
understanding of di fferences between a struct
versus high frequency motions, one can argue that high freguestions should not cause large
accelerations. This should be particularly true fecabinet motions and the corresponding ICRS

as several nonlinearities can exist in cabinets and control panels.

Singh (2017) presents an exploratory study to illtstthat a relatively small gap in the
mounting arrangement at the base of cabinets can influence the ICRS significantly. In the case of
high frequency motions, it is shown that such a nonlinearity due to gap can block the propagation
of earthquake motiomto the cabinet and thereby result in relatively much smaller values of
spectral accelerations in ICRS. A linear analysis for such cases is shown to give excessively high
values of spectral accelerations. One such case considered in Singh (2017) isgpneBaqire
2. In this example, a high frequency building modeled as a SDOF freedom system with a natural
frequency of 35 Hz has a high frequency cabinet mounted on it. The cabinet is also represented as
a SDOF system with a natural frequency of 35 Hz. A high freguaput ground motion applied
at the base of building gives very high values of ICRS as evaluated from linear analysis whereas a
nonlinear analysis by considering a very small gap of 1 mm gives much smaller values of ICRS.
More specifically, the peak spieal acceleration from the linear analysis is as high as 350g but
only about 4g from a nonlinear analysis. Experimental studies conducted by Vlaski (2013) and

Vlaski et al. (2019) show that high seismic demands do not propagate to the relays for high
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frequency input motions indicating existence of nonlinearities in the system. Herve et al. (2014)

present a similar argument for high frequency vibrations in the case of aircraft impact.

While Singh (2017) effectively illustrates the importance of nonlitiearin the generation
of ICRS, a careful look at the results from that study shows an unconventional behavior observed
in the spectral shapes. To explain this further, the spectral accelerations for the case of 1. mm gap
are plotted again at a smaller lecan Figure 2. As can be seen in this figure, the spectral
accelerations exhibit alternating peaks and valleys at frequencies greater than that of the peak
spectral acceleration. This pattern cannot be seigune 1 as it is lost due to the scalefiglre.
At first, this behavior appears either erroneous or needs an explanation to justify its existence. In
this paper, we discuss this problem in greater detail and use fundamentals of structural dynamics
to explain the occurrence of this unconventiartagervation in ICRS from a nonlinear analysis.
The safetyrelated electrical equipment such as relays in nuclear power plants are required to
function adequately during and after an earthquake to maintain safe operation or to initiate safe
shutdown of theplant. Seismic qualification of such electrical equipment and relays is typically
conducted by shake table tests in which the earthquake input is defined in terms-célainet
response spectra (ICRS). The ICRS is generated by a dynamic analysislettitieal cabinet or
control panel on which the relays are mounted. The earthquake input at the base of cabinets is
defined by an isstructure response spectrum (ISRS) corresponding to the floor at which the
cabinet is located. Historically, the desigrtequake input at almost all nuclear power plant sites
in the United States has been characterized by a safe shut down earthquake in accordance with
USNRCO6s Reg. Guide 1.60 (USNRC, 2014) . The sp
1.60 were derived usg actual earthquake records from western United States. The earthquake

records used for developing the spectrum shapes in Reg. Guide 1.60 contained primarily low

23



frequency ground motions. Consequently, the first few low frequency modes of the building as

well as the cabinets were sufficient to evaluate accurate ISRS and ICRS.

The ground motion studies conducted on Central & Eastern United States (QUELERY
power plansitesafter the Fukushima Daiichi nuclear accidaloihg withother more recerstudes
(SSHAC, 1997; EPRI, 2013; PEER, 201f@ve showrthat the ground motion response spectra
(GMRS) in CEUSontain significant high frequency content in the ground motions. A comparison
of the Reg. Guide 1.60 spectra with a corresponding GMRS at oremifctear power plant sites
in eastern US is shown in EPRI (2015). The recently determined GMRS has a spectral peak in the
vicinity of 30 Hz whereas the Reg. Guide 1.60 spectrum curve has peak spectral accelerations in

a much lower frequency region.

In general, the high frequency motions are not considered damaging in a relative sense
when compared to the damaging potential of low frequency earthquakes. This is so because the
displacements associated with the high frequency motions are much smaller cotaghrese
during low frequency ground motions. However, the same is not true about the seismic response
of electrical equipment like relays. It has been observed that the functionality of relays can be
compromised during high frequency vibrations evetnéy have been seismically qualified for
low frequency ground motions (EPRI, 2007). This is because the mechanical parts in the relays
and other electrical equipment are sensitive to accelerations and not displacements. The
mechanical parts tend to resanaiith the high frequency accelerations but not with low frequency
accelerations. Consequently, the electrical equipment must be qualified for high frequency
earthquake motions. Seismic qualification of relays for high frequency ground motions has not
beenstraightforward. A key limitation in this process is related to the availability of appropriate

shake table facilities. Most of the commercial facilities have displacecoattolled shake tables
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and can conduct tests only for earthquake motions in th&éguency range. Availability of only

a few appropriate high frequency shake table testing facilities makes the testing quite costly.

The stateof-the-art as well as the current practice for generating the ISRS and ICRS is
based on a linear analysis of the building and the cabinet. It is important to note that a linear
analysis is justified for low frequency ground motions. Howevernaali analysis for high
frequency ground motions cannot be completely justified. In order to fully explain this premise,
one has to understand that in general there are many localized nonlinearities that exist in buildings,
cabinets, and in the mounting rexg of the cabinet. Let us consider a structure with a nonlinearity
due to a very small crack that might have resulted from any reason. Such cracks do not pose a
problem for low frequency ground motions as the displacements associated with the low frequenc
motions are much larger than the size of the cracks. The relatively small size of cracks do not
interfere with the low frequency vibration shapes of a structure. However, the displacements due
to high frequency motions can be of the same order as #efsazacks and in such a case, the
cracks have the potential to filter out the high frequency displacements. Based on this
understanding of di fferences between a struct
versus high frequency motions, one cegua that high frequency motions should not cause large
accelerations. This should be particularly true fecabinet motions and the corresponding ICRS

as several nonlinearities can exist in cabinets and control panels.

Singh (2017) presents an explory study to illustrate that a relatively small gap in the
mounting arrangement at the base of cabinets can influence the ICRS significantly. In the case of
high frequency motions, it is shown that such a nonlinearity due to gap can block the propagation
of earthquake motion into the cabinet and thereby result in relatively much smaller values of

spectral accelerations in ICRS. A linear analysis for such cases is shown to give excessively high
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values of spectral accelerations. One such case considenagn(3017) is presented Figure

2. In this example, a high frequency building modeled as a SDOF freedom system with a natural
frequency of 35 Hz has a high frequency cabinet mounted on it. The cabinet is also represented as
a SDOF system with a natufaéquency of 35 Hz. A high frequency input ground motion applied

at the base of building gives very high values of ICRS as evaluated from linear analysis whereas a
nonlinear analysis by considering a very small gap of 1 mm gives much smaller value$of ICR
More specifically, the peak spectral acceleration from the linear analysis is as high as 350g but
only about 4g from a nonlinear analysis. Experimental studies conducted by Vlaski (2013) and
Vlaski et al. (2019) show that high seismic demands do ngtageie to the relays for high
frequency input motions indicating existence of nonlinearities in the system. Herve et al. (2014)

present a similar argument for high frequency vibrations in the case of aircraft impact.

While Singh (2017) effectively illusates the importance of nonlinearities in the generation
of ICRS, a careful look at the results from that study shows an unconventional behavior observed
in the spectral shapes. To explain this further, the spectral accelerations for the case of 1. mm gap
are plotted again at a smaller scaleFigure 2. As can be seen in this figure, the spectral
accelerations exhibit alternating peaks and valleys at frequencies greater than that of the peak
spectral acceleration. This pattern cannot be se€igime 1 & it is lost due to the scale of figure.
At first, this behavior appears either erroneous or needs an explanation to justify its existence. In
this paper, we discuss this problem in greater detail and use fundamentals of structural dynamics

to explain theoccurrence of this unconventional observation in ICRS from a nonlinear analysis.

26



350
Linear- Flastic
-~ lmm Gap
00 P—— !
= S Gy
F] "
3 |
£
;-1 |
7
E
150
=0
[
o [l 0 30 w0 =0 0 0 0 18
Frequency (1

=7

High-Frequency

Figure. 1. ICRS of HighFrequency System subjected to Higlequency Ground Motion
(Singh, 2017)

- — —1mm Gap

" - - = 5mm Gap

Spectral Acceleration (g)

0 10 20 30 40 50 60 70 80 920 100
Frequency (Hz)

Figure. 2. ICRS of Nonlinear Cabinet Models with Gap for Figure 2 System showing Hi
Frequency Peaks and Valleys (Singh, 2017)

27



2. Description of Cabinet Mounting Arrangement

The response spectrum for an equipment is evaluated by conducting either finite elemsist analy
or shake table test of the electrical cabinet. However, as outlined by Gupta et al. (1999), the
response of electrical equipment mounted on an electrical cabinet, depends on factors such as
dynamic properties of cabinet, location of equipment, etc.candoe represented by only a few
modes termed as significant modes. A simplified analysis can thus be performed via Ritz Vector
approach for cost efficiency. As per Gupta et al. (1999), a significant mode may either be a local
mode, i.e., deformation ofbinet door, wall or frame where an equipment is mounted, or a global
bending mode of the entire cabinet, or combination of both the local and the global modes.
Llambias et al. (1989) and Gupta et al. (1999b) observed that differences between the
experimemally and analytically evaluated dynamic properties of the cabinets are attributed to a
difference in boundary conditions of the cabinet (G@tdYang, 2002). Most analysis models
assume fixedbase boundary condition whereas the boundary conditiong chtiinet depend on

the mounting arrangement.

The effect of mounting arrangement in a switchgear cabinet is explained by Gupta et al.
(1999b). Sine sweep and random input shake table tests are conducted on the cabinet to plot
transmissibility ratio and Htabinet response spectra respectively at uariocations of the
electrical cabinet. The results obtained from tests are reconciled with finite element analysis. The
cabinet consists of four individual units connected by boltsisydgide. The corner angles at the
base of each unit is bolted to tldmusection which are then mounted on the shake table. The
transmissibility plot in froritback direction shows two significant modes at 14Hz and 20Hz while
the incabinet response spectrum in same direction shows a single peak at around 12.5Hz. The

difference in peak frequencies from both tests is explained via finite element analysis and is
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attributed to the mounting arrangement. In sine sweep test, the intensity of motion is fixed while
frequency of excitation is changed. On the other hand, the randonhiap variable amplitudes

and at higher amplitudes of load. The stiffness of mounting arrangement reduces due to various
reasons such as tearing of base plate, yielding of bolts, gap in connections, etc. Also, at frequencies
above 33Hz, the test data stwow significant amplification which the authors anticipate due to
impacting and rattling of the cabinet which is similar to observatiofigure. 2. The observation

of high amplitudes at high frequencies is ignored by the authors. However, it mustéssadd

when studying the effects of higrequency accelerations on equipment response.

Since the electrical cabinets are usually anchored to the building floor, as sHayunen
3, the diameter of the bolt holes in the cabinet base platesagdly larger than the diameter of
anchor bolt. Due to minor difference in the diameters of bolt holes and the bolt, the cabinet slides
and responds in free vibration when not in contact with the anchor. The cabinet is subjected to the
forced vibration wikn the base is in contact with the anchor bolt. In this paper, the reason-of high
frequency secondary peaks in thecabinet response spectra is examined by studying the effect

of gaps in bolted connections which leads to sliding of the cabinet.
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3. Sliding Behavior of Cabinets

3.1.Background

The sliding response of an SDOF system has been studied by several researchers. Newmark (1965)
studied the sliding resistance of earth dams and derived the maximum displacement for an
unanchored body subjected to rectangular ground motion pulses. CHii) (Btodified
Newmar kds formula for triangular ground moti o
Shao (1998) that sliding cannot be predicted with certainty, Choi (2000) proposed that sliding
problem must be studied probabilistically as it ishhygsensitive to multiple factors like ground

motion amplitude, coefficient of friction, etc. Wilkins (2009) further looked into-classical

friction. He conducted an experimental study to propose a procedure for sliding analysis of

unanchored objects.eRently, Hu and Nakashima (2017) studied the response of two DOF sliding
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base system subjected to harmonic ground motion while Nikfar and Konstantinidis (2017) studied

the demands on unanchored objects mounted oris@aéed buildings.

It is important ® note that a very large number of studies on sliding behavior consider the
behavior of rigid objects. Unlike these studies, the problem of a small gap at the base of an
electrical cabinet is different. While the cabinet behaves like a rigid object whemg sccurs,
the behavior changes to that of a fixed base cabinet once the gap closes and the cabinet behaves as
a flexible structure. Once the oscillations begin, the cabinet continues to undergo free vibrations
even during sliding until the motion com@sa complete stop or it changes to forced vibration
when the gap closes again. Consequently, the solutions available in the literature cannot be used
directly to understand the behavior of cabinets. Herve et al. (2014) and Singh (2017) represent this
condition of geometric nonlinearity using a nonlinear elastic model as showigumre 4 to
represent the cabinet. As shown in this figure, the cabinet can undergo sliding on the tension side
for a distance equal to the gap length. Once the gap closes, the cabinet exhibits a linear stiffness.
On the compression side, the cabinet exhiliitsalr stiffness and no gap is considered. Singh
(2017) uses a SDOF building with a nonlinear elastic SDOF cabinet model to create a suite of
systems with different dynamic characteristics ranging from low frequency range to high
frequency region. Each sgsh is subjected to two types of earthquake inputs, a low frequency
earthquake and a high frequency earthquake. It is shown that the presence of geometric
nonlinearity at the buildirigcabinet interface, i.e. the mounting location of cabinet, filters out the
high frequency motions which in turn results in significantly reduced amplitudes of accelerations
in cabinet compared to the corresponding linear analysis. One such case is illustagackil
that shows a high frequency building model and a highuacy cabinet model (a generic

representation of high frequency modes in building and cabinet). A linear analysis of this system
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when subjected to a high frequency ground motion results in excessively high spectral amplitudes
in the incabinet response sgtra (ICRS) as shown iiigure. 1. The corresponding values by

considering the geometric nonlinearity at the cabinet base are vastly different and much lower.

The study discussed in Singh (2017) emphasizes the significance of geometric
nonlinearities athe base of cabinets in the case of high frequency motions. However, a closer look
at the plot of ICRS, given ifigure. 2 for the case of nonlinear gap model, brings out an unusual
behavior. The ICRS for the case of 1 mm gap showigume. 1 is plottedat an enlarged view in
figure. 2 and shows a curve that is very different from a typical spectrum curve. The curve exhibits
a periodic pattern with multiple peaks and valleys. This unusual pattern needs to be explained and
a physical interpretation of thibehavior needs to be established which is precisely the focus of
this paper. The next few sections use a simple nonlinear elastic SDOF system (representing the
cabinet) and a harmonic excitation to study this behavior theoretically. The harmonic axcitati
allows a detailed discussion on the physical behavior of such systems. More specifically, it

addresses the following key aspects:

1 What is the response of cabinet when the sliding stops upon contact with the anchor bolts?

1 How does higkfrequency ground otions affect the cabinet response when there is no
sliding and the cabinet behaves as a flexible SDOF system?

1 When and how is sliding initiated?

1 What are the initial conditions at each instance of sliding?

1 What is the response of cabinet during sliding?
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3.2.Equation of Motion

Figure 4 shows a SDOF cabinet model with a gap at its base. In this model, the diameter of the
hole in cabinetds base plate is slightly Ilarg
case. This represents the nonlinetastic model with the length of the gap between the anchor
bolt and the cabinetds base plate being equal
model shown irFigure 5. For simplicity of problem description, in order to interpret thesjay

behavior of such a system during its vibration, all surfaces are assumed to be frictionless. This
assumption means that initially the cabinet would slide as a rigid object until the gap is closed. The
cabinet behaves as a SDOF freedom flexible systdynafter it comes in contact with the anchor

bolt. Hence, the equations of motion for the model change with the displacement and also with the
direction of the ground motion. The equations of motion and subsequent analytical solution is
presented in tli paper for harmonic base displacement where the amplitude of the ground
displacement is assumed to be 10mm. This value of base displacement amplitude is selected for

reasons mentioned below:

1 In order to observe the effects of SDOF rigid body slidingctbsing of gap, initiation of
flexible vibrations in the SDOF system, and restart of sliding, the displacement of the base
must be more than that of the gap (1mm in this case).

1 A cabinet is generally mounted on an elevated floor of a building. Dependitigeon
frequency of the primary system and the ground, the total floor displacement could easily

be as high as 10mm.

The equations of motion of the gap model will change based on the floor displacement and
the direction of motion. For a SDOF cabinet modeghwnasam, stiffnessk, and damping, the

following steps define the complete motion which is divided into different states. It is assumed
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that prior to the application of base motion, the anchor bolt and the cabinet base are in contact with
each other as shown figure. 4. Starting from this state, the equation of motion would depend

upon the direction of ground motion which can be in eitliection. Therefore,

1. If6 mattime,0 T the equation of motion is given by:
a6 ad Q6 & o i Q¢ o 1)

whereq is the frequencyfdharmonic ground displacement amd is theamplitude of the
harmonic baselisplacement. Since the SDOF system is atlye&ire application of the

load, the initial condition are zero.
2. Whend  matt = to the equation of motion far 0 is given by:
a0 w Q6 1 (2)

3. Att=t;,whered0 0 the relativedisplacement of the babetween the two time instances

g1, isgiven by:
3 6 6 0 O 3)

4. Let] be the length of gap at the anchor bolt location (considered as 1mm in this case).
If Y and,6 i Go to stegb
If Y and,6 1i Goto step?

5. System is in contact with anchor bolguation of motion fod 0 is given by Eq. (1).

6. Whend  matt=t>the equation of motion is given by Eq. (2). Repeat the process starting

at step 3 above.

7. System is not in contact with anchor bolt. Equation of mdiiord 0 is given by Eq.

).
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8. Repeat the process starting at s3egoove.

As seen in the process described above, only two equations of motion govern the entire
system behavior. The solution of Eq. (1) consists of both transient and-statelparts whereas
the solution of Eq. (2) consists only of transient part. It is impottia note that the change in
support conditions introduce new initial conditions every time the equation of motion changes.
The velocity and displacement at the instant of the change from the solution of one equation act as

the new initial conditions fathe solution of the transient response in the other equation.

Frictionless
Surface

Figure. 4. Nonlinear Single Degree of Freedom System with Gap
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4. Application and Discussion of Results

Next, we consider three different SDOF systems with natural frequencie3iiz (low frequency

system) and 35Hz (high frequency system) in order to study the influence of a small gap at the
base on their response when subjected to harmonic base exciatibiermore, we consider three
different harmonic base excitation frequencies that range from low to high frequency excitations
and also represent resonance conditions. For each system and the excitation, the total (absolute)
acceleration response is &wated by solving the differential equations of motions described in the
previous section. The time history of absolute acceleration is then used to obtaktdabeet
response spectra (ICRS). The ICRS are generated for both cases of fixed basenanthter

base with a small gap of 1 mm.
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4.1.Effect of Nonlinearity Due to Gap

The main difference between ICRS of nonlinear and linear models is the occurrence of secondary
peaks at higher frequencies in the case of nonlinear model. To examine thisleffely, let us

look at the transient response in the solution of equations of motion. In the case of linear analysis,
the transient response diminishes rapidly, and the cabinet response is dominated by the steady
state part of the solution. However,tlre case of a nonlinear analysis with a small gap, a new
transient response is introduced every time the boundary condition changes, i.e. at every closing
of the gap. For exampldéigures. 8 7 show the displacement response of nonlinear and linear
systemswith natural frequency of 35Hz subjected to ground motion of excitation frequency 10Hz.
For the linear SDOF, the transient response amplitude is less than thesséeadgsponse and

thus, does not contribute significantly to the total response. Owtiteargy, the transient response

in the case of nonlinear SDOF system is relatively much larger and governs the total response.
Every repeated closing of the gap in a nonlinear model introduces (and in this case increases) the
transient response. The intetian between the transient response and the statlyresponse of

a nonlinear SDOF system is discussed in greater detail below to explain the occurrence of
secondary peaks as seelfrigure 8. The displacement response for different ratios of natodal
excitation frequencies is also evaluated and discussed in detail in order to understand the impact

of nonlinearity due to gaps on the ICRS.
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4.1.1. Secondary Peaks

As mentioned earlier in this manuscript, the ICRS obtained for the case of a nonlinear gap model
exhibits a strange periodic behavior with secondary peaks and troughs at higher frequencies. Upon
careful examination, it is found that the peaks have a sperigdic behavior. The peaks occur

for SDOF systems with natural frequencies which are odd multiples of the excitation frequency.
Such systems would be referred to as éeisethe remainder of this manuscript. Furthermore, the
troughs occur for SDOF syshs with natural frequencies that are approximately even multiples

of the excitation frequency. Such systems would be referred to aB.CBsdlustrate thisfigure.

9 shows the spectra for the case of nonlinear SDOF system when subjected to a 3iH&kharmo
excitation showing secondary peaks and the points of peak and troughs. Same trend can be
observed irfigure. 10 for the case of 10 Hz excitation.
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The steadystate response depends on the excitation frequency whereas the transient
response is governed by the natural frequency of SDOF syBigore 11 shows interaction
between the transient and steatigte responses for ca8e The maxima of tranent response
coincide with the maxima of steadyate response; hence the total responses are higher for cases
Awhen transient and steadiate responses are added which leads to occurrence of peaks for these
natural frequencies. On the other haRdjure 12 shows the responses for c&8sahere the
maxima of transient response does not coincide with the maxima of Stadelyresponse.

Therefore, the total response is lower for cdkes
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Figure. 11. Interaction of Steadftate Response with Transiergdponse of Odd Multipl
Natural Frequencies
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4.1.2. Displacement Response of cases whete < ¥

In the cases where the excitation frequeqcis lower than the natural frequengyof SDOF

(figures. 13, 14), the transient response in the linear cases decays and does not have significant
contribution in the SDOF response. In the case of nonlinear SDOF system, however, the transient
response contributes to the total response about the same as thststigadsponse. The transient

response decays until the SDOF vibrates freely when this ot in contact with the SDOF base.

4.1.3. Displacement Response of cases whete = ¥

In the cases where the excitation and SDOF frequencies are fegumes( 15, 16), the transient
response in the linear cases decays whereas the transient response of nonlinear SDOF system

increases. It must be noted that for linear SDOF cases, the transient anes&ttadysponses
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cancel each other, and the total respanseeases as the transient response decreases. For the
nonlinear SDOF cases, the transient and stetatg responses add with each other, and the total
response increases as the transient response increases. Hence, the total response of nonlinear SDOF
system is higher than the linear SDOF system. Thus, the peak spectral amplitude of nonlinear

SDOF system is higher than the linear SDOF system.
4.1.4. Displacement Response of cases whete > ¥

In the cases where the excitation frequency is higher than the SD@mdysquencyf(gures.

17, 18), the transient response is dominant for both linear and nonlinear SDOF systems. The
difference in the response of linear and nonlinear SDOF systems is that while the linear SDOF
system oscillates about the initial posititiie nonlinear SDOF system does not. This behavior is
observed because the boundary condition of the nonlinear system changes more frequently due to

high-frequency excitation which prevents the nonlinear SDOF system from returning to the initial

position.
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5. Conclusions

The ground motion studies conducted on Central and Eastern United States nuclear power plant
sites indicate that the ground motion response spectra contairsdggbkncy content. The high
frequency ground motions are relatively not damaging comparedHméquency ground motions
because the displacements associated with-firggfuency ground motions are small. However,

the functionality of safetyelated equipment such as relays can be compromised for high
frequency accelerations. In order to qualifeatfical equipment for higfrequency ground
motions, the ircabinet response spectra (ICRS) are usually evaluated by linear analysis of building

and electrical cabinets. However, as discussed by Singh (2017), there is often a significant
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difference in théCRS obtained from linear and nonlinear models. The ICRS of nonlinear models
with gap show a periodic pattern with multiple peaks and valley at higher frequencies. The reasons

for the unique nature of ICRS of nonlinear gap model are explained in thasatese

The results obtained from the analysis of linear single degree of freedom (SDOF) system and

nonlinear SDOF system with gap can be concluded as follows:

1 The transient response of laresSDOF system decagad does not contribute significantly
to the btal response of the SDOF (except for caglesnexcitation frequency is more than
the natural frequency of SDOF sysfeffhhe major contribution to the total response of the
nonlinear SDOF systegomes from the transient response.

1 Theperiodic pattern ofecondarypeaks andalleysareobserved in th&€CRS for harmonic
excitation similar to the observations made by Singh (2017) for actual earthquake
excitations The general pattern for all the cases shows that the peaks occur for oscillators
whose naturalréqueneés areodd multiple of theexcitationfrequeng while thevalleys
occur for oscillators whose natural frequescare even multiple of theexcitation
frequency.

1 The pattern of multiple secondary peaks and valleys is explained by the interaction of
steadystate response with the transient response for the oscillators. For an oscillator with
natural frequency which is an odd multiple of the excitation frequency, the maximum
amplitude of steadgtate response coincides with maximum amplitude of eanhsi
response. On the other hand, for an oscillatatls natural frequency which is an even
multiple of the excitation frequency, the maximum amplitude of ststatg response does
not coincide with the maximum amplitude of transient response. Thugitéheasponse

of an oscillatowith natural frequency which is an odd multiple of the excitation frequency
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is more than that of an oscillataith natural frequency which is an even multiple of the
excitation frequency. This leads to a periodic patterspefctral values in the ICRS for
nonlinear SDOF system.

The differences in displacement response of linear and nonlinear SDOF systems is also
affected by the interaction of excitation and natural frequency of the oscillator. For cases
whereexcitation frequency ilessthan the natural frequency of SDOF systéme transient
response does not affect the total response of linear SDOF system whereas for cases where
excitation frequency isworethan the natural frequency of SDOF systéme tothresponse

of linear SDOF is contributed mainly by the transient response. On the other hand, the
transient response of nonlinear SDOF for both the cases mentioned above, plays a major
role in total response and hence peak spectral acceleration of ICR®8llaas the
occurrence of secondary peaks. For the cases webertion frequency igqual tothe

natural frequency of SDOF systethe total response of both linear and nonlinear SDOF
systems increases up to a maximum amplitude. However, the transspainse of
nonlinear SDOF systems increase in each cycle while that of linear SDOF decays. Thus,
the peak spectral acceleration of nonlinear SDOF systems is much higher than that of linear

SDOF systems.
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Chapter3

Understanding the Seismic Response of
Electrical Equipment Subjected to High
Frequency Ground Motions
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Abstract

Ground motion studies in Central and Eastern United States (CEUS) show that the ground motion
response spectra exceeds design spectrum of nuclear power plants fregigincy range. To
ensure safe shutdown of nuclear power plantsvents where design spectrum is exceeded, the
safety related electrical equipment such as relays must be seismically qualified fidrédgtency

ground motions. Conventionally, uncoupled linear analysis of building and electrical cabinet is
conducted andhen seismic demands on equipment are evaluated. The conventional analysis
ignores effects of various factors such as geometric nonlinearities, mass interaction between
primary (building) and secondary (electrical cabinet) systems, etc. Ignoring suais faetb to
unnecessarily high seismic demands on equipment. In this study, the seismic demands on
equipment are evaluated by conducting both coupled and uncoupled analysis of linear primary
system and linear as well as nonlinear secondary system. Vaagessare analyzed where at least

one mode of primary system is tuned with one mode of secondary systems. Each case is subjected
to both low frequency and highHrequency ground motions to compare the difference in response

to each ground motion. The seisndemands on equipment are compared for coupled and
uncoupled analysis as well as for linear and nonlinear systems. The results show reduction in
seismic demands on electrical equipment for various nonlinear coupled analysis cases. The high
seismic demandgvaluated from linear uncoupled analysis may lead to disqualification of
electrical equipment which can be avoided by conducting coupled nonlinear analysis ofiprimary

secondary systems and obtaining the realistic seismic demands on equipment.
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1. Introducti on

It has been observed that the ground motions recorded at nuclear power plant sites in Central and
Eastern United States (CEUS) have exceeded the design spectrum at frequencies above 10Hz. A
study conducted by Electric Power Research Institute (EPRT) p08sents the effect of such high
frequency ground motions on the safeglated electrical equipment such as relays. The 1986
Northeastern Ohio Earthquake, the 2011 Mineral, Virginia earthquake and most recently the 2016
Gyeongju earthquake in South kar represent events in which nuclear power plants were
subjected to highHrequency ground motions and various electrical systems tripped even though
they were seismically qualified to continue operation during and after the earthquake. In another
example,the design spectrum of Perry Nuclear Power Plant was exceeded by ground motion
response spectrum (GMRS) of 1986 Northeastern Ohio earthquake in frequency range over 10Hz
(EPRI, 2007). The plant was under construction and therefore a full extent of e effhigh
frequency ground motion could not be observed. However, operational testing of plant was
underway and three nbsafety related electrical systems experienced trips due to relay activation.
Therefore, it is important to understand the behavialectrical equipment when subjected to

highi frequency ground motions.

Recent studies (SSHAC, 1997; EPRI, 2013; PEER, 2015) have proposed that earthquakes
at nuclear power plant sites in CEUS are likely to comprise of a dominant frequency content
betweerl5 30Hz. The response spectrum for such an earthquake would exceed the safe shutdown
earthquake spectrum recommended by United States Nuclear Regulatory Committee (USNRC,
2014) Regulatory Guide 1.60 as illustrated in EPRI (2014). As per the recommergiation
Neail Term Task Force (NTTF) report on Fukushima Daiichi disaster, the nuclear power plants in

the United States are required toeealuate seismic hazards on their sites and reassess the safety
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of existing structures, systems and components aga@sipdated hazard (USNRC, 2011). In
general, the higtfrequency ground motions do not cause structural damage as the displacements
induced by such motions are relatively small (EPRI 2007, 2014). Thé&fleghency seismic
accelerations, on the other hamadn adversely affect the functionality of electrical instruments
mounted on cabinets and control panels. Historically, the electrical instruments are qualified for

lowi frequency seismic accelerations only (EPRI, 2014).

EPRI (2014, 2015) conducted a skalable study to determine the capacity of a few
sensitive electrical instruments subjected to high frequency accelerations in the rangk8biiz16
Engineers at a nuclear power plant qualify the electrical instruments by evaluating the seismic
demands fom given hazard at the plant site and comparing it with the instrument capacities. The
method to evaluate seismic demands according to EPRI (2015) multiplies the GMRS at the site
with empirically obtained amplification factors for the structure and thetrigdal cabinet. The
amplification of GMRS in the structure is based on the height of the floor at which cabinet is
placed. The amplified floor response spectrum thus obtained is knownsasidture response
spectrum (ISRS). Further amplification of ISR&e to the electrical cabinet is based on the type
of the cabinet. The amplified spectrum is calldaabinet response spectrum (ICRS) which gives
the seismic demands on the devices like relays. The method suggested in EPRI (2015) uses
empirical data t@alculate the amplification factors. The amplification factors do not consider the
natural frequency of either the structure or the electrical cabinet. The approach also ignores many
other factors such as cabinet mounting arrangement, location of equipmeéhe cabinet,
geometric nonlinearities, interaction between the structure and the cabinet, etc. In general, the use
of empirical amplification factors have been found to be inaccurate which can often render some

devices seismically unacceptable for ursa plant.
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Preliminary studies have shown that geometric nonlinearities such as a gap between the
anchor bolt and the cabinet base plate can filter out thé frégjuency excitations resulting in
much less spectral values of ICRS (Vlaski et al., 2018yédet al., 2014; Singh, 2017; Vlaski et
al., 2019). The study by Singh (2017) has indicated that such small gaps can also increase the
amplifications in the cabinet when subjected to low frequency ground motions due to localized
impacts. The key observatis from this study are preliminary as they are based on a SDOF
representation of the building and a SDOF model of the cabinet. In addition, almost all existing
studies on understanding the seismic behavior of electrical cabinets and generation of ICRS are
based on an uncoupled analysis of the cabinets. Even though cabinets are heavy structural systems
that can exhibit significant mass interaction with the supporting buildings, such interactions are
not considered in an uncoupled analysis. It has now be#restablished that a linear analysis of
the coupled system that accounts for equiprsémicture interaction can result in more than 50%
reduction in ISRS which in turn would lead to significantly less spectral accelerations in ICRS

(Burdisso et al., 198 Dubey et al., 2019).

In this paper, the work presented in Singh (2017) is extended further by considering the
effect of localized nonlinearities at the cabinet base in MDOF buildM@®OF cabinet systems.
Consideration of MDOF systems is essentiattmly the effects of tuning between different modes
of the buildings and cabinets as well as the distribution of mass patrticipation across multiple
modes. Unlike previous studies, both an uncoupled and a coupled analysis of theilmaildimes
system areonsidered to assess the effect of mass interaction on ICRS. Ground motions with both

low frequency and high frequency contents are considered to study these effects.
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2. Dynamic Characteristics ofElectrical Cabinet

2.1 Observations from Linear Models

Detailed analytical and experimental studies on electrical cabinets have shown that accurate ICRS
can be calculated by wusing only a single fnAsi
Gupta et al., 201%Balman et al., 2020A significant mode @n be either a global rocking mode

or a local mode (cabinet door/panels, internal frame, etc.). Sometimes, it can also be a combination

of both. As illustratedn various studiegGupta et al.1999 Gupta et aJ.2019 Salman et al.,

2020) a significantmode may not necessarily be the fundamental mode of a cabinet. Also, the

peak spectral acceleration in ICRS varies based on the location of devices within the cabinet. Gupta

et al. (1999) shows that ICRS on the top of a cabinet can be much less thatheénatid height

when a local mode of the plate or frame is significant.

Initial studies by Gupta et al. (1999) assumed the electrical cabinet to be fixed at the base.
A fixity at the cabinet base restricted the observation on significant cabinet meitleetoa local
mode or a global bending mode. It could not capture a global rocking mode. A comparison between
the experimental and analytical results conducted by different studies (Rustogi and Gupta, 2004;
Lee and Jung, 2020) shows the importance ofideriag the flexibility of mounting arrangement
at the cabinet base. The significant mode can also be a combination idéadydocking of the
cabinet either by itself or in combination with a local mode. High mass participation in rocking
mode can somighes result in overturning of the cabinet (Yim and Chopra, 1985). Various studies
(Yang et al., 2002; Han et al., 2018) study the flexibility of different mounting arrangements in
cabinets and presents a formulation for evaluating the rotational stiftmessh case. The results
obtained from an analysis after incorporating the rocking mode show an improved agreement

between the experimental and the finite element analysis results.
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2.2 Observations from Nonlinear Models

A few recent studies (Vlaski et al., 2013; Herve et al., 2014; Singh, 2017; Vlaski et al., 2019) have
focused on the propagation of high frequency motions from ground through the nuclear power
plant structure, systems, and components. EPRI (2007) conchatekigh frequency ground

motions induce small displacements which do not lead to structural damage butithedugncy
accelerations can adversely affect the output signal of electrical devices. Vlaski et al. (2013) uses
observations from experimehtaests to infer that highrequency accelerations may not
necessarily propagate to the electrical systems. Herve et al. (2014) and Singh (2017) studied the
effect of geometric nonlinearities such as those due to gaps between the cabinet base and the floor
as shown inFigure 1. These studies illustrate that small displacements from high frequency
motions may not necessarily propagate across the gap and are filtered out. Consequently, the
spectral accelerations in ICRS are much less than those obtained froear analysis. At the

same time, it is also shown that a low frequency ground motion with floor displacements greater
than the gap can lead to spectral accelerations that are much larger than those calculated from a
linear analysis. Such an increasewrs due to the transient motions imparted by impact between

the anchor bolts and the cabinet base plate. It is important to note that these recent studies are based
on SDOF representations of the cabinet as well as buildings. Also, these studies ¢basider
buildings and the cabinet to be uncoupled thereby ignoring the effect of mass interaction between

the two systems.
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Figure. 1.Nonlinear Gap Model for Rigid Body Rocking of Cabinet

3. Modeling the Behavior of Coupled Systems

The concept of modeling the seismic behavior of coupled buildogpment or buildinigpiping

systems has been studied extensively (Xu et al., 1999; Xu et al., 2004; Dubey et al., 2019). It has
been shown that a coupled analysis can result in a signifiedanttion of ISRS or the seismic
response of equipment and piping. Such a reduction occurs due to mass interaction between the
modes of the building (primary) system and the modes of the equipment (secondary) system. The
effect of mass interaction is mgpeonounced when the modes of the primary and the secondary
system are tuned or nearly tuned. The complexity in modeling the behavior of a coupled systems
increases due to the effect of nonclassical damping which can lead to an additional reduction in
theresponse of secondary system. This effect is significant in systems with tuned or nearly tuned
modes when the mass interaction is very small and damping characteristics of the building are
different from that of the equipment which is usually the caseefXal., 2004; Gupta and Bose,
2017). In this study, we study the effect of mamssraction only. The effect of nonclassical

damping is not considered.
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The equation of motion of a coupled primissgcondary system (Gupta and Gupta, 1997)

is given by equadin (1):

0Y o6°%Y oY 0 YO @
Where, 0 , 6 and 0 are the mass, damping and stiffness matrices of the coupled
primaryi secondary system'Y, “Y and "Y are acceleration, velocity and displacement vectors
of the coupled systemY is the influence vector of coupled system andis the ground

acceleration time history. Equation (1) can further be expressed as:

0 0 Y o) o) 6 Y
0 0 Y 0 0 Y
) ) (2)
) 0 0 Y 0] 0 Y ,
0 0 Y 0 0 v ©

Where, 0 and 0 are uncoupled mass matrices of primary and secondary systems
respectively; 6 and 6 are uncoupled damping matrices of primary and secondary systems
respectively; 0 and 0 are uncoupled stiffness matrices of primary and secondary systems
respectrely; 0 and 0 are the damping and stiffness contributions of the secondary system
for the primary sy'¥t &mand Ycaetheawdleratiog, veldOty gnd
displacement respectively of the primary systéM;, Y and Y are the acceleration, velocity
and displacement respectively of the secondary syst¥m; and Y are the influence vectors

for primary and secondary systems respectively.

The above equation written in a conventional form da@spnovide a straightforward
inference of mass interaction between the primary and the secondary systems as the mass matrix

is diagonal and theff-diagonalterms that would establish interaction are zero. This initial
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perception can be clarified by a adodook at the definition of degrees of freedom in the equations

of motion. The secondary system displacement ve€Yorin the above equations expresses the
displacements with respect to the fixed base of the entire coupled structure, i.e., withtodbgec

fixed based of the primary system. In contrast, the equations of motion in an uncoupled analysis
consider the displacements with respect to the primary system DOFs which are also the base of
secondary systems. Equations (1) and (2) above caarsfdrmed and rewritten in a form that
considers secondary system displacements with respect to the base of secondary system. To do so,

the displacement vector of secondary systé¥h, can be given by equation)(3

~ ~. . ~.

Y Y Y Y (3)

Where, Y and Y are the displacement vectors for secondary system and the primary
system connecting DOF relative to the base of the primary system, respectively. The Matrix
represents the static deformation shape of the secondary systamihve corresponding primary
system connecting DOF undergoes a unit displacement the calculation of which is described by
Gupta and Gupta (1998). The displacement vector of coupled system may be expressed by

equation (4).

v o o 0 Y YooYy 4
'?‘Y ’?’Y "O "i‘Y r] ( )
Where, 7Y Y , Y is an extension of matrixY where zeros are added for DOF

of primary system not connected to the secondary system. Substituting equation (4) in equation

(1) and prémultiplying by “Y , the equation of motion is written as:

0 Y o6[Y o0 7Y 0 7Y 6 (5)
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Where,

o 0 0
)] Y v Y o
0 0
rooy y of ol
o) o) .
of of
) 0 0
L Y v Y .
0 0
n oy Y (@) o 7Y
3% Y 0 v
0 0 Y 0 Y
0 0 Y 0
0 0
of 6 o) Y 8 6 7Y Y 6 Y
ol ol o) Y 6 0O
of o
0 0 0 YO0 o 7Y YooY
0 0 0 YO0 0
) )

As can be seen from the transformed equations of motion above,itiagéinal terms in
the mass matrix account for mass interactions between the two systems. The above equations for
a linearsystem can be transformed further using the mode shapes of the primary and the secondary
system as described in Gupta and Gupta (1998). Such a transformation can be used to show that
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the mass interaction between thenode of the primary system and jHenode of the secondary

system can be expressed as (Gupta and Jaw, 1986):

~

T I % h o % 0 7Y (6)
Where,i is the modal mass ratid%o is the vector consisting @f primary mode shape
at connecting DOF;%. is thej™ mode shape of secondary systéfar a nonlinear system, the

stiffness of the secondary system is not proportional to the displacement but rather a function of

the secondary system displacemen(). Hence, equation (5) can be rewritten as equation (7).

0 0 Y of 0 Y 0 0 %
o by 6 8F 7y 6o Y Y
) (7)
U U Y ,
0 0 v 0

4. Application Case Studies

Representative MDOF building and MDOF cabinet models are considered in this study to evaluate
the effects of: (i) localized nonlinearity in a MDOF secondary system, (ii) mass interaction
between the primary and secondary systems, (iii) frequency contehtmagnitude of
accelerations in the earthquake ground motion records, and (iv) degree of nonlinearity due to

different gaps in the cabinet mounting arrangement.

A 10i DOF primary system representing the building and B@F secondary system
representinghte cabinet is considered for this study. The mass and stiffness properties of these
systems are varied to create seven different MDOF prirsappndary systems. Each system is

subjected to two earthquake ground motions, a feguency and a higlfrequencyground
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motion. The peak spectral acceleration in iléeequency ground motion occurs at 4Hz as
compared to 16Hz for the higlmiequency ground motion. The ground motions are normalized to
same peak ground acceleration (PGA) in order to study the effeeigofeihcy content. Figure 2
shows the comparison between the spectra of the two ground motions normalized to 1g PGA. The
response of a nonlinear system is highly dependent upon the amplitude of excitation as it cannot
be scaled proportionally with the gralimmotion. Therefore, the magnitude of the ground
acceleration in terms of PGA also affects the seismic demands on the electrical equipment. Two
different amplitudes are considered by normalizing the ground motions to 0.2g which is typical of

the design PG4 in nuclear power plants around the world as well as 1g.

-
Sas

Spectral Accelerations (g)

0 20 40 60 80 100
Frequency (Hz)

—— Low-Frequency Ground Motion  ===--- High-Frequency Ground Motion

Figure. 2.Comparison of LowFrequency and Highrrequency Ground Motion Response Spectra

For brevity, results from only two different systems are presented in this study but the
observations made for these systems are also applicable for other systems. The primary systems
are created such that their modal frequencies coincide with the freegiehspectral peaks in the

ground motion response spectra. In the Syilenthe fundamental modes of primary and
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secondary systems are tuned at a frequency of 4Hz which also resonates with the frequency of the
spectral peak in the Idgrequency ground nimn. In Systerm2, the second and third modes of

the primary and secondary system are tuned with each other at 16Hz and 33Hz frequency,
respectively, which coincide with the frequencies of spectral peaks offfegbency ground

motion. Figure 3 shows apical primary and secondary system and table 1 shows the mass and
stiffness at each DOF for both systems. Table 2 gives the frequencies of the uncoupled primary
and secondary systems in the two cases. The connection between the primary and secondary
systemis modeled as linear as well as nonlinear. In nonlinear secondary systems, the force
displacement relationship of the connecting stiffness is modeled as nonlinear elastic gap whose
force displacement relationship is shown in figure 1. Two different valfigaps considered are

1mm and 3mm. The two systems are connected at the t8fl¢bd) of primary system. The
uncoupled analysis is conducted by evaluating the response of the primary system excited by the
ground motion and then calculating the resgon$ secondary system subjected to absolute
acceleration obtained at the tenth DOF of primary system. In a coupled analysis, the coupled
primaryf secondary system is subjected to the ground motion at the base of primary system. The
modal damping ratio forllthe modes in the coupled or uncoupled systems is assumed to be 5%.
For nonlinear direct integration of both systems, the damping matrix is developed by using mode

superposition method (CSI, 2011) according to the equation (8).

T

B2 0 % 0 %o (8

Where,Ti, 3, and{t i} are the modal period, damping ratio, and mode shap€ foode of
the coupled or uncoupled primary or secondary systemthe total number of modes. The ICRS

from both uncoupled and coupled analysis are generated at different elevations within the
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secondary systems but results for only the first (bottom floor) and the sixth (top floor) DOFs are

presentd in this paper for brevity.

Primary Systems SecondarySystems
My,
M, Ko
M, K,
M, Ks M,
Mg K, M; Ke
M, K M K
M, Ks K,
M,
M, K, K
‘ M, K, Az '
K,
M, K, M, z

Figure. 3. Primary and Secondary Systems used in Analysis. Secondary System is Connected at

10" Floor of Primary System

Table 1. Primary and Secondary System Properties

Primary System Secondary System
DOE Mass (kQ) Stiffness (N/n¥) DOE Mass (kg) Stiffness (N/n?)
System System System System System System System System
1 2 1 2 1 2 1 2

1 1000 1000 2.84E7 4E7 1 10 10 1.14E5 3.96E5
2 100 100 2.84E6 1.09E7 2 1 1 1.14E4 3.96E4
3 100 1000 2.84E6 4E7 3 10 10 1.14E5 3.96E5
4 1000 100 2.84E7 1.09E7 4 1 1 1.14E4 3.96E4
5 100 100 2.84E6 1.09E7 5 1 1 1.14E4 3.96E4
6 100 100 2.84E6 1.09E7 6 1 1 1.14E4 3.96E4
7 100 100 2.84E6 1.09E7
8 100 100 2.84E6 1.09E7
9 100 100 2.84E6 1.09E7
10 100 100 2.84E6 1.09E7
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Table 2. Uncoupled Primary and Secondary System Modal Frequencies (Hz)

Mode No. Primary System Mode No. Secondary System
Systeni 1 Systeni 2 Systeni 1 Systeni 2
1 4.00 8.27 1 4.00 7.47
2 8.42 16 2 7.74 16.30
3 19.52 33.20 3 17.79 33.20
4 26.84 35.98 4 21.40 39.94
5 30.72 52.98 5 30.63 57.17
6 38.42 70.45 6 58.62 109.42
7 40.32 84.97
8 47.57 95.85
9 52.12 102.58
10 93.02 117.35
5. Results

5.1. Comparison of Coupled and Uncoupled Linear Analysis

Themass interaction between the tuned modes of primary and secondary systems in the coupled
analysis reduces peak spectral acceleration in the ICRS. For s¢stdr@ modal masgatio

between the tuned modes calculated in accordance with equation (6) is 1.04%. FdrXybiem

modal mass ratio between the tuned modes is 1.48% for the second mode pair and 1.71% for the
third mode pair. To illustrate the effect of mass interadbetmveen tuned modes, the comparison
between the coupled and uncoupled analysis is shown in figure 4 and 5 fori dyatehfigure 6

and 7 for systein®.

67



25

)
20 I
(|
I
LI
I
15 AN
a ) \
\g I AN
UR \
(%2} s \
10 1A N\ -
if 21 - \\ /N
! \s \ 745 "-'-.\\
.'/ \_.. A o4 '\ \\’__\ vesettes e,
] Y \Ng iy I T T
5 ~. e, ) v,
R St SRR A
i
..-(.-
'I
0 -
0 5 10 15 20 25 30

Frequency (Hz)

- = =Uncoupled-Low-Frequency Ground Motion

—— Coupled-Low Frequency Ground Motion
Uncoupled-High-Frequency Ground Motion

- - = Coupled-High-Frequency Ground Motion  =:----
Figure. 4. Comparison of ICRS obtained at First Story of Secondary System from Coupled and
Uncoupled Linear Analysis of Systéfsubjected to both LawWrrequency and HiglFrrequency
Ground Motions

200
180
160

140

Sa (9)

Frequency (Hz)

- = =Uncoupled-Low-Frequency Ground Motion

—— Coupled-Low Frequency Ground Motion
Uncoupled-High-Frequency Ground Motion

- - = Coupled-High-Frequency Ground Motion -«=---

Figure. 5.Comparison of ICRS obtained at Sixth DOF of Secondary System from Coupled and
Uncoupled Linear Analysis of Systétsubjected to both Lawrequency and HighFrequency
Ground Motions

68



As shown in figure 4 and 5, the peak spectral acceleration for all cases ofidystzar
at 4Hz. Overall, the amplitudes of ICRS are higher when the system is subjectetftedaency
ground motion. The pealpsctral accelerations are significantly lower for coupled analysis as
compared to uncoupled analysis for both ground motions at both the stories. Unliké ystem
spectral amplitudes of ICRS obtained for systerand shown in figures 6 and 7, are higiveen
system is subjected to higinequency ground motion. Similar to systelmsysterii2 also shows
a significant reduction in spectral accelerations from a coupled analysis. Forig;stigpowre 6
shows an important observation. The peak spectral vatgss at 7.6Hz from a coupled as well
as uncoupled analysis for the low frequency ground motion case. For the high frequency ground
motion case, the peak spectral acceleration for the uncoupled analysis o88ttzwahich is the
frequency of the third primary and the third secondary system modes. Both of these modes are also
tuned with a peak in ground motion response spectrum. The coupled analysis on the other hand
gives a relatively much less spectral accelerafitis observation illustrates the significance of
using a coupled analysis especially in the case of high frequency ground motions. An uncoupled
analysis for such systems can lead to excessive conservatism. This observation is limited to lower
floors of the secondary system because the high frequency modes contribute significantly to the
total response on these floors. This observation cannot be made in figure 7 for the top floor because

the response at top floor comes primarily from the fundamental maseohdary system.
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5.2. Comparison of Uncoupled Linear and Nonlinear Analysis

Next, the effect of base nonlinearity is stalusing uncoupled analysis and comparing the results

to the corresponding linear analysis. The purpose is to study the effect of multiple modes on the
observations made by Singh (2017) using only SDOF primary and SDOF secondary systems.
Figures 811 showthe results obtained for both the systems. For system which the
fundamental modes of primary and secondary systems are tuned, there is negligible difference
between spectral amplitudes from linear and nonlinear analysis at frequencies of fundamental
modes. However, the ICRS evaluated at first floor from a nonlinear analysis shows significantly
higher values of spectral accelerations in the high frequency as seen in figure 8. The same is not
true for the top floor as seen in figure 9. This observaBaguite interesting, and the particular
behavior occurs because the nonlinearity results in an impact at cabinet base. Physically, this
impact occurs between the anchor bolt and the cabinet base plate whenever the gap closes. The
impact results in high fopency transient vibrations which in turn can get amplified by the high
frequency modes. The high frequency modes contribute significantly to the total response at first
floor but not at the top (sixth) floor where the total response comes primarilyHeoimrtdamental

mode.
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For system?2, the behavior seen in figure 10 is similar ta g&en in figure 8 for system
1. In fact, the spectral accelerations in the high frequency region exhibit even greater amplifications
because the second and the third mode of the primary and secondary systems are tuned with each
other and much of the resmge at the first floor comes from these high frequency modes. Since
the response of primary system in this case also comes primarily from high frequency modes, the
total displacements at the top floor of primary system are relatively less. Consequently, a
nonlinearity at the secondary system base filters greater amount of earthquake motion even for a
small gap of 1 mm. This filtering results in much smaller values of spectral accelerations at the top

floor of secondary system as seen from the curves fdinean analysis in figure 11.
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Figure. 10.Comparison of ICRS obtained at First DOF of Secondary System from Uncoupled
Linear and Nonlinear Analysis of Systéhsubjected to both Ldirrequency and High

Frequency Ground Motions
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5.3. Comparison of Coupled and Uncoupled Nonlinear Analysis

This section compares thestdts for nonlinear cases from coupled and uncoupled analysis in order

to evaluate the significance of equipnmiettucture interaction. FiguresilZs compare the results

from the two systems. The ICRS obtained from a coupled analysis for both the sydtesrtsva
elevations (first and sixth floors) are lower than the corresponding ICRS evaluated from an
uncoupled analysis. However, it is also observed that the differences between the coupled and
uncoupled analysis reduces when systems are subjectedhidrédgiency ground motion as
compared to the differences observed for the foeguency ground motion. In coupled analysis,

the mass interaction between primary and secondary system reduces the spectral amplitudes of the
ICRS. The primary reason for thidbgervation is related to a reduced degree of equipment

structure interaction (or mass interaction) between the primary and secondary systems due to
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nonlinearity. In a coupled nonlinear analysis, interaction between the modes of primary and
secondary systewccurs only when the gap closes, and the two systems are physically connected.
During the time that the two systems are disengaged due to the presence of a gap, the interaction
between the two systems ceases. Since theifingfuency ground motion inducdsw
displacements, the gap closes less often and hence the effect of mass interaction is lower as

compared to the loiWrequency ground motion case.
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Figure. 12.Comparison of ICRS obtained at First DOF of Secondary System from Coupled and
Uncoupled Nonhear Analysis of Systeii subjected to both Lawwrequency and High
Frequency Ground Motions
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Frequency Ground Motions

5.4. Amplitude of Ground Motion

The results presented in thesens above considered ground motions to be normalized to 1g peak
ground acceleration (PGA). The PGAs of design ground motion at a nuclear plant are much lower.
This can be a significant aspect because the nonlinear behavior is highly dependent upon the
amplitude of the ground motion and the associated displacements in the primary and secondary
systems. The displacement amplitudes would also govern the duration of free sliding in secondary
system, the number of impacts, and the velocity of impacts attioadary system base. Figures

161 19 show the comparison of coupled nonlinear analysis results for both the systems subjected
to ground motions normalized to 1g and 0.2g PGA. It is interesting to note that a reduction by a
factor of 5 in the ground motiomsults in a reduction by factor of only 2 in the figure 16 for the

low frequency ground motion case. This is so because the peak spectral accelerations at first floor
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result from the transient motion due to impact. The number of impacts and the velatipaof

are less for the case of 0.2g PGA but the reduction does not result in a proportional reduction in
ICRS. On the contrary, the reductions observed in figure 17 for the top (sixth) floor are greater
than a factor of 5 because the response comesiiginfrom fundamental mode which is tuned

with the fundamental mode of primary system and these tuned modes of the two systems undergo
significant modal mass interaction. Figures 18 and 19 show that peak spectral accelerations for a
0.2g PGA earthquakeafower than the corresponding values for a 1g PGA earthquake by a factor
that is almost as large as 20. This behavior is observed because higher modes contribute
significantly to the response of primary system in sysei@onsequently, the displacemeats

the top (1) floor of the primary system are relatively much less than in the case of system
Such smaller displacements are then filtered out for a large part in the case of 0.2g PGA earthquake

records and, therefore, a significant reduction isolel.
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5.5.Gap Length

As observed in the previous section, a gap at the base of secondary system can filter out the ground
motions particularly the gh frequency ground motions. Therefore, the effect of gap length is
evaluated, and the results presented in this section. Figur2g 20mpare the ICRS obtained for

1mm and 3mm gap model at first and sixth DOF of systems 1 and 2. In almost all casssi|the

show the spectral amplitudes of ICRS obtained from 3mm gap model are lower than that of 1mm
gap model which reinforces the concept of earthquake motions being filtered out by a gap in the
mounting region. However, it is important to note that fhectal accelerations around 10 Hz in

figure 22 are greater for the 3 mm case compared to those from 1 mm case. This observation
appears to be strange at first. It is determined that even though a 3 mm gap results in a relatively

smaller duration of contacbetween the primary and secondary systems, the maximum
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displacements at the top floor of primary system due to a low frequency ground motion (figure 22)
are much greater than 3 mm. A larger gap of 3 mm results in higher impact velocities compared to
thel mm case which in turn leads to larger response. Another important observation can be made
in figure 25 that shows periodic peaks and valleys in the spectral values in the high frequency
region. This reasons for such a behavior are explained in SingButd (2020) which explains

that a constructive interference of transient response with the Estatgyresponse results in a

peak and a destructive interference in a valley. Interestingly, such a pattern is difficult to observe
in other figures becausd the contribution from multiple modes in a MDOF system which can

result in more complex interference of modal responses.
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6. Conclusions

This study presents some important conclusions about the seismic behavior of electrical cabinets
which have not been addressed in existing studies. In particular, the effects of localized
nonlinearity in the cabinet mounting arrangement and the effequgiraentstructure interaction

on ICRS are explored for both the cases of linear and nonlinear mounting arrangement. Existing
studies on the seismic behavior of electrical cabinets do not consider the effect of interaction
between the building and the caéi. It is observed that for a linear case in which electrical
cabinets can have modal mass interaction of about 1 to 2 percent between the tuned modes of the
building and the cabinet, a significant reduction occurs in the ICRS due to equinuetire
interaction. The magnitude of reduction observed is even greater when the spectral amplitudes in
ICRS get greater contribution from higher frequency modes of the building and cabinet and are
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subjected to high frequency earthquake ground motions. The effeeuipmenistructure
interaction in the case of nonlinear mounting arrangement is highly dependent upon the degree of
nonlinearity. In general,a localized nonlinearity in the cabinet bafkers out the floor
displacemerst For systems in which the cabinet oscillates in free vibration for relatively large
duration of time due to a gap in the mounting arrangement, its interaction with building reduces.
Interaction occurs when the cabinet base is in contact with the buildorgwhich then leads to

a reduction in ICRS. Therefore, the effect of equipAstnicture interaction is relatively less for

the case of high frequency ground motions with relatively smaller floor displacements. In such
cases, even greater reductions drseoved because the smaller displacements gets filtered out by

a nonlinearity in the cabinet mounting arrangement.

It is also observed that a low frequency ground motion leads to significantly large spectral
accelerations in the ICRS when a nonlineastgresent in the cabinet mounting arrangement. This
amplification occurs due to an impact between the anchor bolt and the cabinet base whenever the
gap closes. Localized impact introducetransientmotion that tend to excite high frequency
modes of the abinet and repeated impacts lead to significantly higher amplificafitrehighi
frequency peaks in tHERS due to such localized impadse observed onlgt lower elevations
of the cabinet model but not at the top of cabinet because the effect tirdiglency modes is

more prominent at lower elevations.

The effect of localized impact due to nonlinearities is dependent on the amplitude of ground
motion although a reduction in ground motion amplitude cannot be related directly to the
corresponding ragttion in spectral peaks of ICRS. It is observed that a reduction in ground motion
amplitude leads to much greater reduction for the high frequency case compared to the

corresponding reduction in the low frequency case. More specifically, it is obsemated th
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reduction in ground motion amplitude by a factor of 5 results in a reduction of spectral peaks in
ICRS by a factor of only 2 for the case of low frequency systems. This reduction occurs primarily
due to equipmerdtructure interaction. For the casehaih frequency systems, the corresponding
reduction in the peaks of ICRS is close to a factor of 20. Such a large reduction occurs because a
low amplitude ground motion results in smaller floor displacements which are filtered out by the
geometric nonlinarity at the cabinet base. Overall, ICRS is influenced in a complex manner due

to the effects of ground motion amplitude andlémgth of the gapin general,lie higher the gap

length, the lower the spectral amplitudes of IC&Slarger gaps filter outdor displacements

However, in some cases, a larger gap can also lead to an increase in spectral acceleration because

it allows development of greater impact velocity which in turn leads to greater transient response.
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Abstract

The probabilistic seismic hazard analysis requires availability of abundant strong ground motion
data which is notisually available at loitol moderate seismicity regions. Stochastic simulation

or hosttoi target adjustment methods are used to evaluate seismic hazard at siteston low
moderate seismicity regions. For such methods, prior knowledge o$metfic attenation

factor, kappadp) is required. However, most commonly used method to evasitgtspecific

kappa, acceleration spectrum methagAs) also requires abundant strong ground motions. In this
study, we explore transfer function method to obtairi sgecific kappadp 1r). 80_Tr represents

the attenuation of seismic waves between the bedrock and ground surface which is equivalent to
g®o_as (difference betweeng as measured at bedrock and surface). For lingastic sitesgo_tr

is calculated from recorded data as well as by conductingilieleaticsite response analygem

the site parameters. Probability density functions of empirical and theoretical estiriater at
various sites are compared and uncertainty in damping ratio is quantified. The study further
examines the approximation of soil profile by single layer proxies suchzagnd Vs _meanand

uses closeidorm equation to estimat& tr. The prolability density function obo_Tr estimates

from closedform equation is also compared with empirical and theordtiteatesponse analysis

For single layer approximation, uncertainty in both sh@ave velocity proxy as well as damping

is quantified. Tle probabilistic estimates ef trcan further be used to estimateasat the surface

which is further used in probabilistic seismic hazard analysis attédmoderate seismicity

regions.
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1. Introduction

Kappa 6r as; Anderson and Hough 1984 aseismological parameter which characterizes the
attenuation of seismic waves at high frequencies as they travel from the source to the ground
surface. Kappa is most commonly calculated from the linear decay of the Fourier Amplitude
Spectrum (FAS) of a recded acceleration time history when plotted on natural log (amplitude)
linear (frequency) space. Kappa values evaluated from various recorded motions at a particular
site are linearly correlated to the epicentral distaneg (Rnderson and Hough, 198Kienidou

et al., 2012). The value of kappa evaluated at zero epicentral distape®)(®& called site

specific kappago as. The latter represents the attenuation of vertically propagating shear waves
through the shallow geology of the soil profile @amson, 1991, Ktenidou et al., 2012) and
describes the combined effect of material damping, scattering, etc., at the site (Parolai and Bindi,
2004; Cabas et al2017 Pilz and Fah, 2017). Hence, previous studies have found estimates of
kappa useful in thetochastic simulation of ground motions (e.g., Boore, 2003) and in empirical

ground motion prediction equations (e.g., Laurendau et al., 2013)

Many studies have observed that the value of sitecific kappa affects the response
spectral shape and specdlly the frequency at which peak spectral acceleration occurs (Silva and
Darragh, 1995; Boore and Joyner, 1997; Malagnini et al., 2000; Biro and Renault, 2012; Laurendau
et al., 2013). For instance, for a low valu@®hs, which is mostly observed aiak sites, the peak
spectral accelerations occur at higher frequencies. The isafeiyd equipment used in critical
facilities such as nuclear power plants, electrical substations, data centers, etc., are sensitive to
highi frequency accelerations thu$feating safety and functionality of the facility. Moreover, the
seismic response of small concrete dams, which may have high modal frequencies, is also affected

by high frequency ground motions (Ktenidou et al., 2016; Muto and Duron, 2015). Henge,
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is an important factor to evaluate the ground motion response spectrum (GMRS) for engineering

design purposes.

The design GMRS at a site is usually evaluated from ground motion prediction equations
(GMPE) which relates a ground motion parameter such asralpacceleration or peak ground
acceleration to various seismological parameters based on global or regional empirical strong
ground motion data. In lovwoi moderate seismicity regions such as Central and Eastern United
States (CEUS), France, Switzerlardc., the recorded strong ground motion data are scarce.
Hence, compared to analyses conducted for sites located in active tectonic regions, such as Western
United States or Japan, an appropriate estimation of design GMRSiitoilavoderate seismic
regions requires stochastic simulations and contains larger uncertaintiesi tdiltetget
adjustment methods have been proposed (e.g., Canpb@®) to adjust a GMPE developed for
a region with abundant data (referred to as the host region), to evaluate muatiordparameters
for a region with scarce data (referred to as the target region). The adjustment of GMPEs is
achieved by accounting for differences in source, path, and local site factors between host and
target regions. Accounting for differences indbsite conditions often focuses on capturing first

order effects, such as seismic impedance and attenuation.

Characterizing neésurface attenuation in lawoi moderate seismicity regions in terms of
sitel specific kappa continues to lohallenging because most commonly used methods require
multiple ground motion recordings at the site of interest. A recent study focused on rock sites in
the NGA East database (Ktenidou et al., 2016) to estimatiespiéeific kappadp) values by using
bardi limited as well as broadband approaches. They found that broadband methods and mean
3o _as values provide similar estimates to the avermg®oposed for CEUS (i.e., 6+2 ms; Hashash

et al., 2014). However, all the approaches considered still requisgahability of ground motion
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records. Our study aims to investigate the quantification ofi figluency attenuation via the
siteds t h éaaste transtea functibne¢rrg aihich only requires knowledge of the
subsurface conditions. Notablye quantify the uncertainty throughout our characterization of
neai surface attenuation to provide probability distributions of awufr estimates instead of
deterministic values. Comparisons with available empirical transfer functions at selectesites a
used to evaluate the appropriateness of the proposed approach, not only in terms of mean values
but also in terms of how well the variability in situ is captured. Ultimately, this work provides
recommendations to quantify higinequency attenuation infmed by the large uncertainties

associated with loitoi moderate seismicity regions.

The following sections provide a summary of previously proposed approaches to compute
kappa in lowtoli moderate seismicity regions. Then we describe our selected stuslyasde
explain the fundamentals of our approach. Comparisons between our proposed method and the
commonly used acceleration approach to compute kappa (by Anderson and Hough, 1984) are
presented, followed by a simplified analytical solution for sipecifickappa estimations. Finally,
recommendations based on our uncertainty quantification analyses are provided to help guide
future research on spific parameters and tlassociatedincertainties that need to be studied in

greater detail.

2. Background

Campbell (2003) introduced a hybrid empirical method to adjust a GMPE develop for a host region
(e.g., Western North America) to the target region (e.g., Eastern North America). Thaé hyb

method requirea full seismological model for thretochastic parameters.g.,stress drop, whole
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path attenuation, etc.) bbth,the host and targe¢gions Al Atik et al. (2014) directly adjusts the

highi frequency slope of the acceleration FASté&nted from the response spectrum via random
vibration theory;Cartwright and Longuetliggins, 1956 generated from a host GMPE for
Western United States (and multiple magnitude and distance scenarios), to the acceleration FAS
(and then the response spaoir via inverse random vibration theory) consistent with site
attenuation (i.e.,shod i st ance k app ao)athtarget saepnSwitzerlanch &ar loth o
hosit toi target adjustments (i.e., as proposed by Campbell, 2003 and Al Atik et al., gOad),

knowledge of attenuation characteristics at the host and target region is required.

Ktenidou et al. (2014) explored various methods to evaluaiespgeific kappa. Values of
ar_as evaluated from the acceleration spectrum method as proposed by ¢made Hough
(1984) are linearly corr eAss takudated ly extrgpolatirgmot r a |
zer o epi c e mhscanbe cahipwad at hosteegions because the recorded strong ground
motion data are abundant, but that is hettase at target regions. Similarly, values of kappa can
also be obtained from t he dpsswhdreaticeedataynon thes pect |
displacement FAS at low frequencies is computed (Biasi and Smith, 2001). This method can be
used for lowemagnitude seismic events, which are more abundant irtddmoderate seismicity
regions. The corresponding Sitep e c i f i c olpspipcpl@ulatédiby extrapolatang the linear
rel ati ons khospand Rpetd Rypele However, to usthese approaches, an estimate of
corner frequency is required which depends on the stress drop parameter. The latter is generally
unknown without the availability of abundant strong ground motion data, especiallyiitolow
moderate seismicity region (Kteluu et al., 2016). Ktenidou et al. (2014; 2016) also explored
using broadband approacheess) sl aeshpoeEaeb smpce

methods which are not affected by the selected frequency band of FAS to compute kappa values.
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However the broadband approaches also require availability of ground motions at the site to

evaluate sitiespecific kappa, which is challenging for target regions.

Drouet et al . ( 2010 pfromthe gecayng dlopaai theesitediiear at i o
transk r f u noar) observed foelowmagnitude earthquakes in France (i.e., with moment
magnitudes from 3 to 5). This method quantifies the attenuation of seismic waves taking place
between a reference rock horizon and the ground surface. The differéneedo@ s ( © ras) 8
calculated for bedrock conditions and its counterpart obtained at the ground surface, known as
0®o_as (Cabas and Rodriguédarek, 2017) has also been proposed as a metric to capture the
contribution of sedimentary depositsto overalp at h at t eonrestinates should beh u s , ;
theoretically equivalent tqso as. I n this study, we pr ofrassae a me
function of site parameters (i .e., witochout gr
from theoretical linear transfer functions and investigate the appropriateness of the resuiting

based on its r edestimates and the agsociated uhcer@intiesamthin@ur model.

3. Study Sites

The KiKinet database is the largest network of recording stations where both surface and
downhole recordings are available for each event at each site (Aoi et al., 2004; Fujialara e
2004). The database also provides the $knaare velocity (\) profile of each site from downhole
logging. The availability of a dense network with surface and borehole records makes it suitable

to study discrepancies between theoretical and erapiransfer functions at multiple sites.

The four sites selected for the purposes of this study include sites with a unifprafilé,

and \s gradient with depth. The empirical site response of each selected site can be represented by
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a onédimensional(1D) theoretical linear elastic analysis. Stations FKSH14 and IBRH10 were
classified as sites with low integvent variability and a good fit to 1D theoretical formulations of

wave propagation (LG) by Thompson et al. (2012), which make them suitabiedfar ¢lastic

site response validation analysis. Sites OSKHO1 and SZOH25 were not included in the Thompson
et al. (2012) study. However, after comparing 1D linekastic theoretical and empirical transfer
functions at the two sites, they were also deesoddble for linear elastic site response validation
analysis. While the intent of this research is not to assess the appropriateness of 1D site response
models, it is important to select study sites with compatible theoretical and empirical transfer
functions. The aforementioned agreement will allow the investigation of the sources of uncertainty

in 3 1r values to remain independent from the chosen site response modek grbélds of our

study sites are shown Figure 1.

Site OSKHO0L1 is a single lay site, hence there is no gradient gthfoughout the depth of
the soil profile, however, there are uncertainties associated with theasurements. On the other
hand, site SZOH25 is a multiflayer site with a smooth Mjradient. At FKSH14, there is an
impedance contrast (calculated as the ratio between the product of densityoatite\bverlying
layer and the product of the densilyd \s of the underlying layer; hence, the lower the ratio, the
stronger the impedance contrast) of 0.24 at 52m depth. At IBRH10,stgeadient is slightly
higher than for SZOH25 and the impedance contrast at bedrock is significant (i.e., 0.31). Values
of Vs30 Vs mean(timei averaged Yfor entire depth of soil profile), depth to bedrock and NEHRP
(National Earthquake Hazards Reduction Program) site classification (FEMA 450) for each site

are stated in table 1.
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Table 1
Selected Site Details and Clasgiation

. Depth to Bedrock V30 V's_mean NEHRP Site
Site Name
(m) (m/s) (m/s) Classification
OSKHO1 550 500 500 C
SZOH25 328 347.3 589.1 D
FKSH14 106 251.3 654 D
IBRH10 518 200 531.3 D
(a) Site OSKHO01 (b) Site SZOH25
Velocity (m/s) Velocity (m/s)
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0 0 !
o b
= = 11
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Figure. 1. ShearWave Velocity Profile of Selected KikietSites
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4. Ground Motion Selection

We computeso tr for at least 10 ground motion pairs at each site. We use both horizontal
components of the recorded motions and values gf are reported as the average per horizontal
component orientation. Each selectedard is processed following protocols in Dawood et al.
(2016) to comply with signal processing recommendations, such as baseline corrections and
adequate noise windows (Ktenidou et al., 2012). The initial selection criteria of processed ground
motions isbased on peak ground accelerations lower than 18¢to/sivoid the onset of soil
nonlinear behavior), moment magnitudes between 3 and 5, epicentral distances less than 180 km
(to avoid bias by multiple seismic ray paths) and shear strain inddefinal as the ratio of peak

ground velocity and Mg Chandra et al., 2016) less than 0.1% (to further constrain only linear

motions) as shown in Table 2.

The values 0 as bedrock r A8 surface @aNdap_TF are evaluated between 10Hz and 25Hz. For
further screening, we identify amplification peaks on the empirical transfer functions taking place
beyond 8Hz, so thadr As pedrock r A® surface @ dimelarexcalculated for attenuating slopes not
biased by Hghi frequency amplifications (Parolai and Bindi, 2004yansfer functions are
calculated using smoothed FAS of each horizontal component by applying thei Kdmmachi
filter (KonnoandOhmachi, 1998). Any recording affected by site amplification peaksioe8idz

is rejected from our database (Parolai and Bindi, 2004).
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Table 2

Initial Ground Motion Screening Criteria

Parameter Value Reference
SNR <3 Ktenidou et al. (2012)
PGA <10cm/g Ktenidou et al. (2012)
Magnitude 3-5 Drouet et al. (2010)
Epicentral Distance <180km  Anderson and Hough (1984
Shear Strain Index  <0.1% Cabas et al. (2017)

5. Methodology

At every site, we estimate sitgpecific kappa from recorded motions. Since the FAS method is

more commonly used, we calculate and compare valugsoofs a n @ tr Bsing the recorded

motions at bedrock and at the ground surface. The recorded motion at bedrock is further used in
1D theoretical site response aogwaforyeach cord.o obt
Finally, we use parameters from the soilfpio | e s t o71r @niran agl@aseédrmaquation.

The probability density function (PDF) of empirical, theoretical, and cidean equation results

are then compared to understand the uncertainties in the analyses.

5.1.Empirical Assessment of 8ei Specific Kappa

Figure 2 illustrates the procedure followed in this research for the calculationaéfbedrock
ar As_surfacedNddo Tr at thestudy sites. For each recorded motion pair at the study &it@Spedrock
is evaluated from the spectral decay of acceleration FAS evaluated from the recording observed at

the bedrockar as_surfacdS calculated from the spectral decay of accelerd&id8 of the recording
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atthe surface. Thesite p e c i f i & askranghe accelertion spectrum method is calculated

by equation (1).

v [ [ 1)

Wherear as_surfacdS the value 086: as measured from the recorded motion at the surface of
the site andar as bedrockiS the value obr os measured from the recorded motion at the bedrock
depth of the siteEmpirical transfer functions (ETF) are calculated by dividing acceleration FAS
at the surface by the FAS at the bedrock for each recording pair. As proposed by Drouet et al.
(2010),80_Tris then calculated as the slope of the decaying peaks in théréglency range of
the ETF.We hypothesize that the contribution of the sedimentary deposit to the overall attenuation
can be captured bgo T analogously to the characterization provided a0 @3 (Cabas and

RodriguezMarek, 2017).

The value obr as from the acceleration spectrum method is determined by calculating the
slope of the decaying FAS in [biinear space at high frequenci€sgyure 3 shows the FAS for a
surface recording from iKi net data plotted on log (amplitudi)inear (frequency) space. The
starting frequency {J and ending frequency-jffor the kappa calculation are usually selected by
visual inspection at the start and end of the decay in FAS. Once the frequencelectss, a
l inear regression of the data points hgtween

is computed by dividing the slope of the fitted lineiby

The selection of fr eque n asicacalatidanysualyiyisldsa | I N
different values when evaluated by different analysts. Various studies (e.g., Sonnemann and
Halldorsson, 2018; Pilz et al., 2019; Ji et al., 2020) have proposed an automated procedure the
frequency selection process. In this research, we haed the procedure proposed by Ji et al.

(2020) to determine the most appropriate frequencies for each recording. In the automated
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procedure, various frequency pairs (i.e.,ahd §) are tested between 1ZbHz. For every
frequency pair, the algorithm rducts a linear regression between the selected frequencies on the
smoothed FAS and finds the fitted line. The frequency pair with the lowest mean squared error
bet ween the smoot hed FAS and;aéforthdrecdrdiigdthie i s
study, an additional condition is added to the Ji et al. (2020) procedure. The frequency pair for
bedrock and surface time history in a record must be the &simg thefrequency pairs obtained

for all the records in each direction, the valuesg®b as are calculated per Equation (1).
Furthermore, the same frequency pairs (izeanfl £) are used to evaluagg tr from the ETF of

each record.

Acceleration Spectrum Site Soil Profile Transfer Function
) Method Method
x10
8 FAS (Acceleration) ‘
Z ﬂGround FAS
s ; Or_AS_surface AVAVAV’\V Surface .
) ) Layer 1: Vs, 1, 1 5
fE=10 finax=25 ! e
! sarl[l LA A o
1 § AITRID /BVAAVARVAR e
é 1‘0 15 20 25 3‘0 : ?5&3'
Frequency (Hz) R <3 aO_TF
Layer n: Vs, n, Bn 25 fE=10 fnax=25
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Figure. 2. Evaluation of Empirical SiteSpecific Kappa using Two different Methods, the
Acceleration Approach (Anderson aHdugh, 1984) on the left, and the ETF for Transfer
Function Approach (Drouet et al., 2010) on the right

104



FAS (Acceleration)
- - Fitted Spectral Decay||

AP A ‘
L i i
= 10 Efife fE=10 fmax=25
i i i

0 5 10 15 20 25 30
Frequency (Hz)

Figure. 3. Fourier Amplitude Spectrum of a Ground Motion Recording showing Evaluation of

Kappa from Acceleration Spectrum Method

5.2. Sitel Specific Kappafrom Theoretical Evaluation of Site Response

Values ofeg_1F are obtained from estimated 1D liniealastic transfer functions at the study sites

by means of a 1D formulation of wave propagation in layered media. Lelastic site response
analysesarecnducted using the program STRATA (Kott|
unit weights are computed based on their reporteahd \f, (Boore, 2016). For each layer of the

profile, we calculate the minimum sheésirain damping based on the Darendeli and Stokoe (2001)

model. However, these laboratobased model only provides an estimate of material damping,

and thus additional dampingalid be added to represent field observations of seismic attenuation
(Cabas et al., 2017). Hence, we analyze the influence of various minimurinssta@ardamping

values by adding a constant damping ratio (i.e., from 1% to 4%) to the estimates of each laye

obtained from Darendeli and Stokoe (2001) model.

Further, kappiaconsistent damping is calculated for each record based on the formula

proposed by Cabas et al. (2017) as shown in equation (2):
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ol ®)
B
Wher eopsi @@ eval uated from site recqhsdrs. We |
t heoreti cal loyr nésghe numadr ef tayerd/d i® theashedmwave velocity ofit"
layer andz is the thickness of th& layer. Mean and standard deviation in giémg estimates are

calculated for each site.

The input motions at the reference depth (i.e., the depth of the downhole sensor at each
study site) correspond to the borehole records selected at each site under study. Such records, in
both directions, are @fied at the base of the soil columns of interest as within motions. Theoretical
e st i mad & are abthinedby means of Equation (1) but using the FAS corresponding to the
estimated surface motion from the 1D site response analysis. Similarlytthemea | wal ues o
are computed from the theoretical liniegastic transfer function at each site. We use the same
frequency band for our sitepecific kappa estimates based on theoretical formulations of site

response to minimize the bias from the frequency range sel€Etitvvards et al., 2015).

5.3. Site-Specific kappa from Analytical Closed Form Equation for a Single Layer

We derive an analytical closgdrm equation to comput® 1r_eqnfor a single, homogeneous layer

profile and compare it to theoretical multiplayer analysis and singiéayer approximations of

the actual siteods prof i | d@therVEdorevs deachataeterizestlee ac hi
profile to the assumed reference depth. Uncertainty insgieific input parameters affecting the

variability in 8o0_tr eqnis alsoquantified.
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For a singlelayer site as shown iRigure 4a, the theoretical 1D lindgaalastic transfer

function is calculated using site parameters by using Equation 3 (Kramer, 1996):

C 3)

A1 _(éo 0 6 '%31;0

Vi Q¢ 0’0 EQs §

Where] is the frequency in rad/#fis the thickness of the soil layeb; is the complex

shearwave velocity of the soil layer given iy p  "Q ;| * is the complex impedance ratio

z

given by—;” and” are the density of the soil and the bedrock @hé the complex shear

wave velocity of the bedrock givenbly p  "Q ;, and, are the damping ratio of the soil and

the bedrock.

Figure 4b shows the transfer function (from Equation 3)tfay cases with the same soil
damping rati o (&whichistde raticbetoveen shgmave \aelbdityoof soilVs
to the shedmwave velocity of the bedrocklp. However, the two cases have differgpof the soil

layer and thus a different correspondifigto maintain the sanf®. As shown irFigure 4c, when
normalizing the Xaxis by—, the peaks of the theoretical transfer functions occur at the same

normalized frequency with the same amuléu
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Based on the properties of theoretical transfer function describigluipg. 4, we derive a

closedf or m

equat i ongrd As shownanfigores | & tris evgluated between the

starting (n) and ending (¥) peaks. Hence, a peak occurs when:
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Figure. 5.Evaluation of SittetSp e c i f i @_tr igdArgmpTheoretmal Transfer Function

Hence, starting and ending peak frequencies are calculated as,

q 2 5
oP ¢
(5)

Q © g
10 P
The sité specific kappa is computed as the slope between two peaks of the theoretical

transfer function divided by 7,

i ftyoqo 1 1voq (6)

I
N . £ Q Q
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Substituting equations (3) and (5) in equation (6),

; ~ ,p S‘E v~Z A '“"p S‘E
o “d)écoé HT-I-T‘;C')S cs; QOI%Ip cs (7)
AlEOp o) QOEch

Usi ng e q wartediocalculat&d)for thessite parameters of the location of interest.
Analogously to our previous estimations of B#gecific kappa, we consider uncertainties in site

parametersysand damping ratio in order toogemnerate

6. Uncertainty Quantification

In this study, we compare probability density functions (PDF) of empirical, theoretical, and
closed form equation results instead of comparing deterministic values. It is observedehat

t hough t heaspédada n @ as amdchange based on the seismic event, the value of

B0 _asa h @ _trdor linear soil response, should be approximately similar for different records.

For theoretical estimations and the cldded r m e g dradstimates,onlyadepend on site
parameters such assnd damping ratio. Uncertainties must account for variability in site
parameter measurements. Compadriasnodrsgqgitmiier g t he
PDF corresponding to empirical valued o_traallows for an assessment of the uncertainty in site
parameters used in the analytical formulations and are presented in this section. By accounting for
such uncertainties, a I e btiassite cgm he dbtaibed basesiton ¢ e ¢

theoretical formulations.

First, a histogram of empirica_trvalues obtained from the sigecific kappa estimates
at each site is plotted. A normal as well as lognormal distribution are fitted to the data. As shown

in Figure 6, the PDF correspondinig a normal distribution fits bettéo the empirical data than
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the lognormal distribution at SZOH25. Similarly, the PDF for a normal distribution also fits the

empirical data at other sites better.

80

60 - 1
=
240 - 1
T ~

20 - ’ ‘® i R s T ]
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Ko 1 )
Histograms - Lognormal Distribution = = Normal Distribution

Figure. 6. Probability Density Function of Empiricab_tr at Site SZOH25. The solid blocks
show the histograms of da@@pttedline shows Lognormal Distribution fitted to the Data and

Dashedine shows the Normal Distribution fitted to the Data

For siteSZOH25, the theoretical analysis is conducted with therdfile as shown in
Figure 1b and damping ratio values are assumed as described in section 6. A minimum shear
strain damping ratio is calculated according to Darendeli and Stokoe (2001) for each layer of the
site profile. InFigure 7, a constant damping of 1% is added to themmini shedrstrain damping
ratio of each layer for case 1; a constant damping ratio of 2% is added in case 2; a constant damping
ratio of 3% is added in case 3; and a constant damping ratio of 4% is added in case 4. None of the
theoretical cases ifrigure 7 considers variability in damping ratidzigure 7 shows the
compari son between empi r peaeblained frod altthe eages.&inde ¢ a |

the normal distribution fits the empirical data, the theoretical data is also fitted with alnorm
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distribution.Figure 7 shows that there is a significant difference between empirical and theoretical
estimates. Hence, theoretical analysis should consider variability in site parameters, n@amely V
damping ratio.Figure 7 also shows that the meai the theoretical PDF changes with the
damping. The mean of the PDFs corresponding to cases 2 and 3 are the closest to the empirical
PDF. Hence, we add a constant damping of 2.5% to minimumi str@an damping to further

assess comparisons among emalrand theoretical PDFs at the sikégure 8).
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—Empirical e Case 1: (VS @ &= Min. Darendeli Damping+1%)
---Case2: (Vs @ &= Min. Darendeli Damping+2%) -.--- Case 3: (Vs @ &= Min. Darendeli Damping+3%)
Case 4: (VQ @ &= Min. Darendeli Damping+4%)

Figure. 7. Comparison oPDF of Empirical and Theoretic8ite response analysas Site
SZOH25 without Uncertainty in input Site Parameters. Solid line represent the PDF of Empirical
oTresti mates. Rest of the curves reproerfoent t he
different cases where constant 1% damping ratio is added to minimum sfiséain
damping in each layer

Figure 8 shows various cases where variabilitgibe parameters is considered and PDFs
of all the theoretical cases are compared with the empirical data. The variability considesed in V
is assumed to be captured by a 15% variation around the mean value, and the variability in damping
is the same as tremefficient of variation in kappa&onsistent damping from empirical data. The

variability in Vs is assumed to account for the effect of uncertainty sm&asurements on the
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PDF. However, as shown Figure 8, this variation in Ymeasurements does ngpaopriately
reflect the uncertainty in empirical results. Hence, for theoretical site response analyses conducted

at all remaining study sites, we do not consider the variation.in V

100 - e 1

PDF

0 0.01 0.02 0.03 0.04 0.05 0.06
Fo_1r )
——Empirical Vs @ &=(Min. Darendeli Damping+2.5%)
-- -Vs + 15% @ &=(Min. Darendeli Damping+2.5%) - Vs @ &=(Min. Darendeli Damping+2.5%) + o

4
Vs + 15% @ &=(Min. Darendeli Damping+2.5%) + (75

Figure. 8.Probability Density Function of Empirical and Theoreti8de ResponsAnalysis at
Site SZOH25 with Uncertainty in Site Parameterstéfers to She&ivave Velocity Profile of
site SZOH25

Estimates 080 1r egnare evaluated from equation (7) by approdimg the site as a single
layer by using Wz00r Vs_mear@nd kappaconsistent damping ratio. However, the equation does not
require an input ground motion, so that for a single values@ind damping ratio, we obtain one
value ofeo_1r_Eqn TO Obtain proabilistic estimates ado_tr eqn Monte Carlo simulations are run
for each study site. Similar to empirical and theoretical requdtsnal distribution for Y of the

soil layer as well as the damping ratio for all the cases.

For this study, Vs0and Vs meanare assumed as proxies of the complei@rdfile at the

sites of interest. Standard deviations for the normal distribution, &f talculated from theod
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profile where \{ changes in each layer. The normal distribution feisvbounded between the
minimum and maximum yof the soil profile. The mean and standard deviation for the normal
distribution corresponding to the damping ratio is calculated thenempirical kapgaconsistent
damping as described by equation (2)akd damping ratio are the independent random variables.
For Monte Carlo simulations, random pairs of &hd damping ratios are selected from the
respective distributions. The unit weight for all the pairs are calculated based on Boore (2016)
proposed correlations withs¥nd \b. V a | u eosSr eq@fbr eazh pair are evaluated from equation

(7). APDFisthe pl ot t ed us bt gqnolitained for all the rarslomophirs which is

further compared with PDFs obtained from empirical data and site response analysis.

7. Discussion of Results

Various studies (Silva et al., 1998; Chandler et al., 2D@éet et al., 2010; Edwards et al., 2011;

Van Houtte et al., 2011; Ktenidou et al., 2012; Ktenidou and Van Houtte, 2012) have proposed

i Vszor el at i ons hirerp lowi toi modertata seismicity regions. In this study, we first
examine the appro@ieness of using yoas a proxy for deepers\profile. Figure 9 shows the
comparison of the PDF obtained from the empirical data, theorsitieedsponse analysis and the

closed form equation results obtained by usingdand Vs meanaS s proxies anddamping ratio

calculated from empirical data at site SZOH25, which has a logvadient. The results frothe

closed form equation based ons\heanas a single layerdpr oxy f or the soil p I
provides a better agreement with both, theoretical site response analysis and empirical data than

Vs3o We observe the same trend in the remaining three study sites.
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Figure. 9. Comparisorof PDF obtained from Enmpical, TheoreticaSite response analysasd
Closed Form Equation fofa) Vs3o(b) Vs mearat sSite SZOH25. The Damping f&ite response
analysiss same as that consideredrigure 8. The Damping for Closé&orm Equation is

Kappa Consistent Damping calculated from equation (2)

The Vs gradient at site SZOH25 is low. Hence, the PDF from cldsech equation for
Vs mean@s Site proxy and standard deviation i i¥ in good agreement with empirical and
theoreticalsite response analysis PDF. However, for sites such as FKSH14 whgradient is
high, the coefficient of variation (CoV = 64%) ins 6 large. It is thus important to identify
appropriatestandard deviation for use the closed form equation.Figure 10 shows the PDF

obtained from the empirical data compared with the cidsech equation results obtained when
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considering uncertaintyisheairwave velocity with 100% and 50% of the coefficient of variation
at the site FKSH14&igure 10shows that the PB¥oft h e rrfeom theempirical andheclosed

form equation are more in agreement when standard devétitve normal distributiorof Vsis

50% ofthe Vs coefficient of variation (CoV). This observation relates to the empirical values of

a0_trwhere the CoV of the data at all sites is approximately 50%.
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T Fmpirical (Vs mean + 50%*COVVS mean @ 6 + Ug) o (Vs mean + 100%*C0VV5 mean @ g + 0-5)

Figure. 10.Comparison of PDF for Empirical Data with Clos€drmEquation with Different
Variability in SheairWave Velocity at site FKSH14

Figure 11 shows the comparison of PDFs obtained from empirical, theorstteal
response analysis atite closed form equation results for atudysites. Site OSKHOL1 is a single
layer profile, hence, uncertainty is only accounted for damping ratio estimates for both theoretical
site response analysis arttie closed form equation. For sites SZOH25 and FKSH14, the
approximation of soil profile with ¥ meanand the uncertainty in Maken as 50% of the CoV
compares well with thesite response analysis aride empirical data. For site FKSH14, the

difference betweesiteresponse analysis atfie closed form equation PDF is larger than that at
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SZOH25 becausthe Vs gradient is higher at site FKSH14. Moreover, the damping ratio required

for the site response analysi site FKSH14i(e., 2% constant damping ratio added instead

4.5%from kappd consistent dampingstimation¥is much smaller than thabrrespondingo the

kappd consistent damping calculated from the empirical data. Finally, for site IBRH10, even

though the PDF of empirical and closémm equation results are comparable, the PDF &iben

response analysis is not compatible.
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Figure. 11.Comparison oPDF of Empirical, Theoretical Site response analysis and Qlosed

Form Equation at sitgg) OSKH01(b) SZOH25(c) FKSH14(d) IBRH10

We

further oeobminedimoe the énpirical data at site IBRH10 and find that

t h e rtrestimates in noritsouth (NS) direction from two of the selected records is negative. A

close observation of the transfer function of these two records in NS dirdeigomg 12) stows

an amplification

peak

at a higher

freguency,



between the frequencies dbHz not feasible (Parolai and Bindi, 2004). Therefore, the
c or r e s poorestimaieg obtained from these records are discarded. The revised PDFs are
shown inFigure 13, where the site response analysis and empirical data are compatible. However,

the results from closé&fiorm equation do not compare as well and shows that lomeartainty in

shearwave velocity must be considered for IBRH10.

(b) Record #128050 (NS Direction)

(a) Record #122539 (NS Direction)
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Figure. 12.Transfer Function for record numb) 122539(b) 128050 at Site IBRH10
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Figure. 13.Comparison othe PDF of Revised Empirical, TheoretiGte Response Analysis
and ClosetlForm Equation Data at site IBRH10
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The empirical datata | | sites (for site | BoRgtdtithhatest he d
from two records) have a coefficient of variationapfproximately 50%. Hence, at site IBRH10,
the PDF obtained frorthe closed form equation, by assuming a variability of 50% of the CoV in
Vs, were comparable with the empirical data. However, the empirical data at site IBRH10 show a
very low CoV( 6. 3 2 %) o 7 estimatésewithathe revised datéigure 14a shows the
comparison between PDF for revised empirical data, theorstieaésponse analysis resuéisd
the closed form equation results by assuming a variability ino¥ 6.32% of CoV.The results
further show that a higher damping ratio must be considered for theidimsaaquation results

and the comparison of such cases is showsigare 14b.

(a) Kappa-Consistent Damping (£=2.91%) (b) Revised Damping (£=3.5%)
i i
100 - 100
= =
=]
& 50+ E 50 -
0 R .- 0- S J
0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.085 0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.085
Ry ) Ky 1p ©
B Theoretical Site Response Analysis » Theoretical Site Response Analysis
—Empirical ""““(vs @ &= (Min. Darendeli Damping + 2.6%) + o ) —Empirial e (V, @ €= (Min. Darendeli Damping +2.6%) + 7,)
Closed-Form Equation Closed-Form Equation
o (V, pean £632%5COVIV - @Eto ) oT (V) ey £632%*COVEV. @ ¢t o )

Figure. 14.Comparisonof he PDF s ¢ o rorresimpates ftbin thgRevised o
Empirical, Theoretical Site Response Analysis and Cidsean Equation Data witfe) Vs_mean
Variability of 6.32% of CoV @ Kapp&onsistent Damping (2.91%d)) Vs_meanVariability of

6.32% of CoV @ Revised Damping (3.5%) at 38BH10

The results from all sites show that the clagedn equation provides a first order
approximation for p roarbwhen kdowladye ofdkeyssiter propettiésiiso n's ¢
available. Assumptions of damping ratio are still required, butdmsideration of uncertainties

in such values can prove benefiogard aThrevalees al c ul
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from the empirical transfer function at the site can capture thespéeific contribution of
sedimentary columns to the oa# path attenuation. Furthermore, our findings suggest that in the
absence of surface and downhole records, theoretical formulations of 1D wave propagation at the
site can provi de a r e a & ovhem bttheenecessaty i sobsurface n 0
characerization is available. The use of adjusted minimum $ls&ain damping values (Cabas et

al., 2017) in theoretical formulations of site response are found to provide a closer match to

e mp i roitrestiinates. However, the differences in site paramesgrsred for different sites

show that further study is required for single layer approximations of soil profiles with Vs

gradients.

8. Conclusions

Theestimation of sitespecific kappdrom the acceleration spectrum methegl{s) is neead for
variousengineering design purposasd requires availability of abundant ground motion data. At

lowi toi moderate seismicity regions such as Central and Eastern United States, abundant recorded
daa are not available to estimaegas. In this research, we have proposed a clbgeth equation

with consideration of uncertainty in Sitgecific parameters, namely Vs and damping, to provide

a probabilistic representation of Sigpecific kappa via théransfer function methoded ).

V al u eosrrrepfeserd the attenuation between a reference rock horizon and the surface, at a
speci fiogs(gihtee di ®@d er ence betowsdasmrvalsated by equationand b

(1) provides an equivaleoharacterization of thenearur f ace atotrenuati on as

In this research, we have first examinkdeé q u i v al e n ®yas danded twBased @

on four sites and a total of 50 receanséred, our
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a0_tragree if kappa at the bedro@k fs_bedroc), the surfaced; as_surtacd and the empirical transfer
function @o_1r) are evaluated within the same frequency bands. Hence, the frequencies are selected
such that the mean squared error between actielefeourier amplitude spectrum and the fitted

line between the selected frequencies is minimum for both bedrock and surface recording.

We also compared trempiricaland theoreticabo tr estimates for the study sites to avoid
sites not compatible witlneé 1D wave propagation assumption. The theoredicad estimates are
obtained conducting 1D line&tastic site responsmalysis Moreover, we derived closedform
equationto facilitate single layer approximation of the soil profile. In order to aucdor
uncertainties i tr estimates, we compared probability density functions of the empirical results
with the theoretical results (from the site response analyses and thefolosedjuation). The site
response analysis results at all study sitesanted for the uncertainty in damping ratio whereas
the closedform equation results accounted for uncertainty in $lemre velocity and damping
ratio. The comparison of pr obafatdlthesjtesshewed i t y f
a good agreement between empirical and site response analysis results. The comparison between
empirical and closédorm equation results also provided a good agreement. However, the site
proxies required as input to the closBdime qu at i on may vary as a funct
(e.g., uniform single layer versus muHier sites with a Ygradient). More research is necessary
to investigate systematic site conditions that require different parametrizations of be uged in th
closedf or m equat i e Athougheosr studyn@rdvides promising results regarding
the practical use of the closéarm equation, expanding its implementation to a larger number of
sites and ground motion records will further validate its &bi t y t o pr ovdrtde r ep|

values.
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The probabilistic characterization af ¢ resulting from this work can inform simulation
of ground motions at loitoi moderate seismicity regions, and htwstarget adjustments of near
surface attenuatiomlparticulart he pr obabi | i st i c o@abtsinhedfromthe i on
closed form equation as a function of site parameters only (i.e., without requiring ground motion
records) shows promise toward analytical formulations that can be combithedrababilistic
est i ma b & sedockdrf Nnoneergodic probabilistic seismic hazard analysis. Additionally,
probabil i st ioa oneletgroundduréase atotlfie Central and Eastern United States
region can be estimategdingthe probability@ n s i t y f drhcouplé vatimtheaistribation

suggested by Hashash etal. (2004 r t he r eoaenbar®n ce r ock, 8
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1. Summary and Conclusions

This dissertation discusses various factors that affect the seismic response of electrical equipment
and thus inform the risk of failure of equipmeFe probabilistic characterization of sitepecific

kappa for nedrsurface attenuation can be useddionulation of a suite of ground motions at the
nuclear power plant (NPP) site and generate design spectrum. The NPP bcaldingt system

are analyzed by considering buildirgbinet interaction along with localized geometric
nonlinearity and subjected ground motion obtained from simulatiods ini cabinet response
spectum (ICRS) obtained from the analysis used tocompare seismic capacity of equipment

from shake table test§he dissertation includes manuscripts for three key topics:

1 The dfects ofgeometric nonlinearitgn ICRS In this chapterwe study the effect of localized
geometric nonlinearity such as gaps onl@RS. It is found thaasthe gap closes, the transient
response of the cabinet increadegs to an impact between caldibase and the anchor bolt.
The interaction between transient and stéathte response governs the total response so that
a periodic pattern of peaks and valleys is observed in the ICRS.

1 Understanding theseismic response oflectrical equipmentsubjectedto highi frequency
ground motiond In this chapterwe consideredhe effects of buildingcabinet interaction
along with localized geometric nonlinearity such as gaps on the ICRS. The study mainly
concludes that even though the spectral amplitudes of I@RSlower because of the
interaction between building and cabinite interactiorplays a roleonly when the gap is
closed.The effect of interaction ithus dependent on #hdisplacemerst induced by high
frequency acceleratiorad the gap length.

1 Evaluding Sitd Specific Attenuation Factor, Kappa from Site Transfer Funittidms chapter

explores sitespecific transfer function method for calculating site attenuation factor, kappa
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(®0_7F) as it is an important factor in evaluating ground motionstoahastic simulations or
hosit toi target adjustment methodehe study also studies the effects of factors such as shear

T wave velocity (Vs) and soil damping rat® On estimates ado Tr.

1.1. Effects of Boundary Conditions on Seismic Response of Electridaquipment subjected

to High-Frequency Ground Motions

Theground motion studies (SSHAC, 1997; EPRI, 2013; PEER, 2015) concuaietlear power

plant (NPP) sites in Central and Eastern United States indicate that the ground motion response
spectra exceed the safe shutdown earthquake (SSE) suggested by Reg. GBuidehigh
frequency content. The higliequency ground motions indeidow displacements and hence, do

not result instructual damageHowever, the functionality of safétselated equipment such as
relayscan becompromisedy highi frequency accelerations. To qualify electrical equipment, the
ini cabinet response spectr@RS) are usually evaluated by uncoupled linear analysis of building
and electrical cabinets. However, study conducted by Singh (2017) indicates a significant
difference in the ICRS obtained from linear and nonlinear models. A periodic pattern with multiple
peaks and valleys at higher frequencies is observed in the fi@R®nlinear models with gap.

The reasons for the unique nature of ICBSnhonlinear gap model are explained in this research

and can benumerateds follows:

1 Except for casewhenexcitation frequency is more than the natural frequeneycabinetthe
total response of theabinetis not dominated by th&ansient response of liaecabinet
However, for nonlineacabinet the total responsie dominated by the transient respodse

to the recurrent impact between the cabinet base and anchor bolt whenever the gap closes
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In the ICRS obtained for nonlinear cabinet subjected to harmonic excifatioogic pattern

of peaks ad valleysat high frequencies i®bservedThis observation is similar to thatthe
study conducted by Singh (2017) for seismic excitatiéos all casesthe peaks occur for
oscillators whose natural frequeéesare odd multiple of theexcitationfrequeng while the
valleys occur for oscillators whose natural frequea@re even multiple of theexcitation
frequency.

The periodic pattern is explained by the interaction of stestdie response with the transient
response for the oscillators. If thetmal frequency of an oscillator is an odd multiple of the
excitation frequency, the maximum amplitude of stéathte response coincides with
maximum amplitude of transient response. On the contrary, for an oscildtonatural
frequency which is amven multiple of the excitation frequency, the maximum amplitude of
steady state response does not coincide with the maximum amplitude of transient response.
The total response of an oscillateith natural frequency which is an odd multiple of the
excitaton frequency is thus, more than that of an oscillaitin natural frequency which is an
even multiple of the excitation frequency leading to a periodic pattern of speeakd and
valleysin the ICRS for nonlineatabinetmodel.

The interaction of extation and natural frequency of the oscillator also determines the
displacement response of the nonliresdinet If excitation frequency is lower than the natural
frequency, the total response of lineabinetis not dominated by transient responselevtiie
transient response dominates the total response for losanet cases with excitation
frequency more than the natural frequency. For the nonliceisinet caseghe transient
response of the cabingtitiates whenever the gap closdéBereby resiiing in an impact

between cabinet base and anchor Haltsuch a casehe transient responsef nonlinear
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cabinetgovernsto the total response. For the cases where excitation frequency is equal to the
natural frequency ofabinet the total response bbth linear and nonlineaabinetincreases

up to a maximum amplitude. However, the transient response of nordai®aetincreassin

each cycledue to repeated impact between cabinet base and anchariielthat of linear
cabinetdecays. Thus, the peak spectral acceleration of nonladanetis much higher than

that of linearcabinet This observation is especialijnportant in cases where cabinet is
subjected to loWwfrequency accelerationshich induce higher displacements athe gap

closes more frequently

1.2.Understanding the Seismic Response of Electrical Equipment Subjected to High

Frequency Ground Motions

This study presents some important conclusions about the seismic behavior of electrical cabinets
influenced bythe effets of geometricnonlinearity in the cabinet mounting arrangement and the
equipmeritstructure interactionA significant reduction occurs in the ICRS due to equipinent
structure interaction observed for a linear oagh modal massatio of about 1 to 2 perceifor
greater)between the tuned modes of the building and the cabinet. The magnitude of reduction
observed is even great®henhigher frequency modes of the laiilg and cabinedre tunedand

the system isubjected to highrequencyground motionsThe main conclusions of this study are:

1 The effect of equipmenstructure interaction in the case of nonlinear mounting arrangement
is highly dependent upon the degi@f nonlinearity. In general, a localized nonlinearity in the
cabinet base filters out the floor displacements. For nonlinear systems, the secondary system

interaction with the building reduces when the cabinet oscillates in free vibration due to a gap
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in the mounting arrangement. Since interaction occurs when the cabinet base is in contact with
the building floor, the effect of equipméstructure interaction is relatively less for nonlinear
systens. The effect of interaction decreassenmore for high frequency ground motions
which induces lower floor displacements.

The study shows larger spectral accelerations in the ICRS when a system with localized
nonlinearity is subjected tow frequency ground motion. This amplification occurs due to an
impactbetween the anchor bolt and the cabinet base whenever the gap Altsesient

motion excites high frequency modes of the cabinet due to localized impact. Due to higher
displacement induced by low frequency ground motieompactsare repeated frequentl
leadng to significantly higher amplification®ecause the effect of high frequency modes are
prominent at lower elevation$e high frequency peaks in the ICRS due to localized impacts
are observed only dbwer elevationsof the cabinet modetompare to thatat the top of
cabinet.

Even thoughhe effect of localized impact due to nonlinearities depemndthe amplitude of
ground motion a reduction in ground motion amplitude cannotlibearly related to the
corresponding reduction in spectral peakdCRS. A larger reduction in spectral peaks is
observed for high frequency systems subjected to high frequency ground motion as compared
to low frequency system subjected to low frequency ground mdtiamhermoreas larger

gaps filter out larger floodisplacementghe spectral amplitudes of ICR&duces as the gap
length increasesdowever, in some cases, a larger gap can also lead to an increase in spectral
acceleration because it allows development of greater impact velocity which in turn leads to

greater transient response.
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1.3. Quantification of the Contribution of Sedimentary Deposits to High Frequency

Attenuation in Lowi tol Moderate Seismicity Regions via the Site Transfer Function

For various design purposes a site an estimae of site specific kappa from the acceleration
spectrum methodb( as) is required.The estimation 0éo_asrequires grofuseamount ofground

motion datawhich is usually not availabla lowi toi moderate seismicity regions such as Central

and Eastern Ured Statesln this researchye explore using transfer function meth@el 7)) and
proposeclosed form equatiorderived fromsitetransfer functionsog trrepresergthe attenuation

between reference rock and the surface, at a specifizisith is an equivalent characterization
ofpaas(t he di fference betowg. Earprababilisticarepeeserstatiah ofb e d r o
ao0_T1r, the methodproposed in this resedraconsides uncertainty in sitgparameters, ¥ and

dampingratio. The key conclusions of this research are as follows:

1 First, an equivalency betweemo asandaop tris examinedOur study fndsa good agreement
between the values f a9 ggandag trif same frequency band is used to evalkafgpa at the
bedrock & as_bedroc), the surfaceg as_surtacy and the empirical transfer functioso (r¢). The
frequencies are thus selected accordingly.

1 The theoreticalag_tr estimatesare obtainedoy conducting 1D lineaelastic site response
analysisof the Vs profile as well as frontlosed form equation to facilitate single layer
approximation of the soil profileThe uncertainties inso Tr estimatesare accounted by
compamg probabiity density functions of the empiricaindtheoretical resultsAt all study
sites, the uncertainty in damping is consideredsit@ response analysighile uncertainty in
both Vsand damping is considered thie closedform equationWhile theprobability density

functionsof ap_tr obtained from empiricakite response analysid closetiform equation
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showed a good agreemetite Vs and dampingnput for the closedform equation may vary
and requires furthreesearcho investigate systematic site conditions.
1 The probabilisticepresentationf 8o_trcanbe used foground motionsimulationat low toi
moderate seismicity region$he probabilistic dnsityf u n c t i oraabtained frora the
closedform equatiormayb e combi ned wit h prghadndobtant i ¢ es

probabil i stgdasonthsgroundautfeces of o

2. Recommendations for Future Work

Further research is required to understand factors affecting seismic response of electrical
equipmentvhen subjected to higlfrequency ground motioras well aghedetermination of site

specific kappa from site parameters. Following are some oétdmenmended future work:

1 Evaluation of effects of localized geometric nonlinearity such as gaps by considering friction
on the surface where cabinet is mounted.

1 Consideration of nonclassical damping in coupled analysis of idetiree of freedom
building and cabinet systems.

1 Study of more sites for evaluation of sitgpecific kappa from closéfbrm equation and
propose appropriate values for site parameters for use in the equation.

1 Use kappa values obtained from clddedn equation for simulating ground mnans at
nuclear power plant sites and further apply simulated ground motions for analysis of building

cabinet system.
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Secondary Systems Results
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A.l. Systen 1

M=100 kg
M=100 kg K= 2.843E6 N/m?
M=1 kg
M=100 kg K=2.843E6 N/m?
K=1.137E4 N/m?
M=100 kg K=2.843E6 N/m? M=1 kg
— K=1.137E4 N/m?
M=1 K= 2.843E6 N/m?
00ke M=1 kg
= 2
M=100 kg K=2.843E6 N/m K= 1.137E4 N/m?
M=1000 kg K= 2.843E6 N/m? M=10kg
M=100 kg K= 2.843E7 N/m? M=1 kg K=1.137E5 N/m?
M=100 kg K= 2.843E6 N/m? K=1.137E4 N/m?
M=10 kg
M=1000 kg K= 2.843E6 N/m?
K=1.137E5 N/m?
K=2.843E7 N/m?

Figure. A.1. Systenii 1: Uncoupled Primary and Secondary System. Secondary System

Connected at OFloor of Primary System

Table A.1. Uncoupled and Coupled System Modal FrequerfoieSystenii 1

Primary System Secondary System Coupled System
Mode # Frequency (Hz) Mode# Frequency (Hz) Mode# Frequency (Hz)
1 4.00 1 4.00 1 3.27
2 8.42 2 8.42 2 4 62
3 19.52 3 19.52 3 8. 32
4 26.84 4 26.84 4 8. 78
5 30.72 5 30.72 5 179 2
6 38.42 6 38.42 6 20. 29
7 40.32 7 21.40
8 47.57 8 264 8
9 52.12 9 3036
10 93.02 10 30. 86
11 383 4
12 408 3
13 46.0
14 523 1
15 582 6
16 9330
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A.1.1.In7 Cabinet Response SpectrdCRS) at First Floor of Secondary System
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Figure. A.2. Comparison of ICR&t ¥ Floor obtained from Coupled and Uncoupled Analysis

of Linear and Nonlinear Models of SysteinSubjected to LowFrequency Ground Motions
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Figure. A.3. Comparison of ICR&t ¥ Floor obtained from Coupled and Uncoupled Analysis
of Linear and Nonlinear Models of SysteinSubjected to High-requency Ground Motions
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A.1.2. Ini Cabinet Response Spectra (ICRS) at Sixth Floor of Secondary System
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Figure. A.4. Comparison of ICR&t 8" Floor obtained from Coupled and Uncoupled Analysis

of Linear and Nonlinear Models of SysteinSubjected to LowFrequency Ground Motions
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Figure. A.5. Comparison of ICR&t 8" Floor obtained from Coupled and Uncoupled Analysis
of Linear and Nonlinear Models of SysteinSubjected to High-requency Ground Motions
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A.2. System 2

M=100 kg
M=100 kg K=2.843E6 N/m’
M=1kg
M=100 kg K= 2.843E6 N/m?
K= 6.884E3 N/m?
M=100 kg K=2.843E6 N/m? M=1 kg
—1 2
M=100 kg K= 2.843E6 N/m? M=1 kg K= 6.884E3 N/m
= 2
M=100 kg K=2.843E6 N/m K= 6.884E3 N/m?
M=1000 kg K=2.843E6 N/m? M=1kg
= 2
M=100 kg K= 2.843E7 N/m?2 M=10 kg K=6.884E3 N/m
M=100 kg K= 2.843E6 N/m? K= 6.884E4 N/m?
M=10 kg
M=1000 kg K= 2.843E6 N/m?
K= 6.884E4 N/m?
K= 2.843E7 N/m?

Figure. A.6. Systeni 2: Uncoupled Primary and Secondary System. Secondary System
Connected at 0Floor of Primary System

Table A.2. Uncoupled and Coupled System Modal FrequerfoieSystenii 2
Primary System Secondary System Coupled System

Mode # Frequency (Hz) Mode# Frequency (Hz) Mode# Frequency (Hz)
1 4.00 1 4. 33 1 3.86
2 8.42 2 8 .24 2 4 24
3 19.52 3 13.42 3 7.75
4 26.84 4 20. 13 4 92
5 30.72 5 21.64 5 133 4
6 38.42 6 24. 85 6 19. 44
7 40.32 7 20. 20
8 47.57 8 21. 77
9 52.12 9 24.85
10 93.02 10 264 8

11 3@.0

12 38. 42
13 40. 35
14 4795
15 5231
16 93.02
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A.2.1.In7T Cabinet Response Spectra (ICRS) at First Floor of Secondary System
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Figure. A.7. Comparison of ICRS at'IFloor obtained from Coupled and Uncoupled Analysis
of Linear and Nonlinear Models of Syste2Subjected to LowFrequency Ground Motions

Figure. A.8. Comparison of ICRS at®Floor obtained from Coupled and Uncoupled Analysis
of Linear and Nonlinear Models of SysteRSubjected to HighFrequency Ground Motions

143



