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Abstract

Past earthquake records showed that a large mdgn#arthquake can cause severe
damage to high-voltage substations, which may leagower disruption for a significant
amount of time. A high-voltage transformer is orfieh® key components of a substation.
This thesis proposes a probabilistic framework giayesian belief network (BBN) model
to predict the vulnerability of a high-voltage tsémrmer for a seismic event. BBN has many
capabilities that make it well suited for the preed risk assessment method. This thesis
considers past studies, expert knowledge and egppaeuses of failures to develop an initial
integrated risk assessment framework that ackn@ekednultiple failure modes. Therefore,
the framework incorporates major causes of transfowulnerability due to seismicity, such
as liquefaction, rocking response of transformer,irderaction between interconnected
equipment. To demonstrate the application of ttamework, this thesis elaborates each step
of the framework. Finally, the sensitivity analysvas carried out to evaluate the effects of
input variables on transformer damage. The papsy dlustrates two predictive models
using response surface method (RSM) and MarkovnchEne proposed framework is
particularly handy to perform, and the results baruseful to support decisions on mitigation

measures and seismic risk prediction.
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Chapter 1:Introduction

An electrical power transmission system is poged of power generating
stations, substations, transmission lines, ancersigory control and data acquisition
(SCADA) facilities. Substations connect all otherngonents (Figure 1.1) and transfer
powers in different voltage levels. They performnypafunctions such as: change AC
voltages from one level to another; switch genesatequipment, and circuits or lines in and
out of a system, etc. Substations are comprisediftdrent components, e.g., disconnect
switch, circuit breaker, transformer, lightningester, control house, protection and control

equipment (Blume 2007).

Transmission substation
step down transformer

|

Transmission

substation Transmission lines I Distributi

step up 765, 500, 345, 230. and 138 kV . ‘Stﬁ ution to
transformer mp  different
l customers

Generation
Station

Figure 1.1 Basic structure of power system (Adaptl from United States Department of
Energy (2004))

Seismic shaking may cause damage to the substatianpower system. Failure of
an electrical substation can cause power outagearefd amounts of time (Table 1.1). The
consequence of those substation damages can lesevéoal hours of power outage and
monetary loss. Table 1.1 presents a summary of pdiseuption and monetary loss during

major earthquakes.



Table 1.1 Summary of power disruption and monetay loss due to substation damage during
major earthquakes

Earthquakes Magnitude  Power Disruption and MonetaryLoss
1988, Saguenay 59 Power outages in Quebec City; complete power rattor
earthquake ' occurred 9 hours after the earthquake (Mitchedile1990).
1989, Loma Prieta 6.9 Electricity was lost to about 1,400,000 customers that
earthquake ' earthquake (Schiff 1998).

Power outages in Los Angeles area lasted from asémonds
1994, Northridge 6.7 to several days; power restoration was done tmajor
earthquake ' substations and to about 95% of the customersmithihours

(Schiff 1997).
2010, Christchurch 71 It took a day to achieve 90% restoration during daathquake
earthquake ' (Eidinger and Tang forthcoming).

Estimated loss $22,000,000 due to component daofage
1971, San Fernando 6.6 Sylmar Converter station (500 kV DC), or 40 peragfithe

Earth ki idi
arthquake total value of loss (Eidinger and Ostrom 1994).

1.1 Motivation

Experiences from past earthquake records showedattgee magnitude earthquakes
could cause severe damage to substations and mesu#jor service disruption of a power
system. High-voltage substation components thate haéeen designed without full
consideration of the site seismicity and/or desigmefore the introduction of modern
seismic design codes are the most vulnerable (A®d®99). The commonly observed
failure modes could be listed as failures in transer anchorage, oil leakage from bushings
and different parts of the transformers, shattenh@orcelain columns, etc. Given diverse
classes of assets exposed to seismic hazard, @mntsisn the process of risk assessment and
management becomes a challenging task (Nuti @08I7). A key component of a substation
is the transformer which is one of the single latgeapital investments (60% of the total
investment). Hence, replacing a damaged transfomiidr a new one or keeping a spare

transformer in a substation is expensive. Alsopating to the past earthquake observation,
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the damage rate of high-voltage transformer is lowt, their failure has high consequences
(Abdelmoumene and Bentarzi 2012; Gaunt and CoePf#¥); therefore seismic risk
assessment of a transformer is of vital importaigiece, Bayesian belief network (BBN)
takes into account the uncertainty in the modelargl aggregation of the different
knowledge base, this thesis demonstrates a riglssisent framework using Bayesian belief

network for high-voltage transformers in a substati

This thesis uses seismic vulnerability and riskamalternative way as the definition
of the vulnerability follows the same logic as tludtrisk (Aven 2008). Risk is related to
future events (i.e., a seismic event) and theirseqonences (i.e., failure of substation
components), and vulnerability is related to thembmation of consequences (i.e., failure of
substation components) and associated uncertdipty (ncertainty of the consequences).

Therefore, vulnerability is a feature of risk (Av2008).

Risk assessments are crucial as they reduce kseafisinwanted events, which could
be very costly both physically and financially.idtessential for Governments and decision
makers to evaluate the seismic risk of substatithrtirectly contributes to the improvement

of safety and security in a power system againstse hazard of varying magnitudes.

1.2 Objective and Organization of the Thesis

The objective of this research is to develop a askessment framework for high-
voltage transformers by combining current knowledgé¢he areas of seismic hazard. This
thesis includes the use of conventional methodotogyuantify site seismicity and the other
effects that may induce from site seismicity (iljuefaction, rocking response, conductor

interaction of the interconnected equipment). Mnaha risk assessment framework is
3



developed to quantify the probability of failureahigh-voltage transformer using Bayesian

belief network in the event of an earthquake.

The thesis is divided into five chapte@hapter 1 introduced the study by describing
the objectives and motivatio@hapter 2 presents a state of the art review, explaining the
past earthquake performances of substations. Thepterh also discusses previous
vulnerability studies on substations and its congmbs. Later in this chapter, basics of risk

assessment and a brief idea of Bayesian beliefarktare discussed.

Chapter 3 elaborates on the proposed framework using Baydmhef network and
the sensitivity analysis using the proposed frantewGhapter 4 presents the predictive
model development using response surface methodviamklov chain separately. Finally,
Chapter 5 presents a summary of the research and the camtdusgn addition, limitations of

the current study and suggestions for future imgnoent are also presented in this chapter.



Chapter 2: Literature Review

High-voltage equipment (e.g., porcelain memberangformers, bushing) are the
most vulnerable parts of the substation during @athgquake (Anagnos 1999). Performance
evaluation of high-voltage substation equipmenirdua seismic event has become a crucial
issue. For substations and its components, thiptehaeviews past earthquake induced
damage and current state of practice on vulnetal@isessment. Finally, a brief review of

risk assessment, with more emphasis on Bayesi&f betwork, is provided.
2.1 Past earthquake performance of high-voltage substein components

Typically, voltage rating of components of a substais one of the factors that are
related to its seismic vulnerability (Stewart et 2003). Equipment with 115kV or below
showed satisfactory performance during past eaatkep) if seismic installation practices of
anchorage and conductor interconnection flexibikgre present (Anagnos 1999). Different
types of damages in substations observed fromdbkeqarthquake records are (ASCE 1999;
Schiff 2003):

« Leaking or breaking of bushing,
« Falling of inadequately anchored rail-supportedsfarmers from the elevated platforms,
« Damage of bushings and post insulators,
« Failure of cast-aluminum hardware,
 Failure of porcelain insulator,
 Tilting of lighting arresters, and
» Tilting of dead end transmission tower.
Past earthquake records showed that damage tcaBabstomponents may lead to

severe consequences. For example, the 1994 Natheiarthquake caused severe damage to

the electric power facilities of Los Angeles. Thanmthge to electric power could have far

5



reaching consequences, as well. British Columbiantsha, Wyoming, ldaho, Oregon and
Washington experienced power outages due to tmage to substations in the Los Angeles
area (Anagnos 1999; Schiff 1997). The Los Angelepddment of Water and Power’s
(LADWP) Sylmer Converter Station suffered severendge (Figure 2.1) that included
transformer bushings, lightning arresters, discohngwitches, circuit switchers, bus
supports, and potential measuring devices (Eidirager Ostrom 1994). Similar damages
were found in the 1988 Saguenay earthquake, th® L8&a Prieta earthquake, the 1995

Kobe earthquake, the 2010 Christchurch earthqueike,

Fernando earthquake (Magnitude 6.6) (Makris and Zhag 1999)

Several components of transformers were also fodachaged from different
earthquakes (ASCE 1999). These include damage thosage, radiators, bushings,
conservators, lightning arresters, sudden pressuterotective relays, tertiary bushings, etc.
Figure 2.2 shows a photograph of a broken transfobushing during the 2010 Christchurch

earthquake. Also damages due to liquefaction wesported (Eidinger and Tang
6



forthcoming). Among 300 substations in Christchurtlio of the substations failed to

operate due to liquefaction.

Figure 2.2 66 kV broken transformer bushing at Bomley substation during 2011
Christchurch earthquake (Magnitude 6.3), (Eidingerand Tang forthcoming)

Based on the past performance of electrical substabmponents, it is evident that,
mitigation measure has to be performed to improggopmance during an earthquake.
Recently, many substations are in the process pfeimenting mitigation measures which
have performed relatively well during an earthquakent. For example, the electrical power

companies in New Zealand implemented mitigationsuess to some of the substations and

tWith permission from American Society of Civil Engers (ASCE)



as a result, the substations performed relativeyl @wuring the Christchurch earthquake
(2010) (Eidinger and Tang forthcoming). During 894 Northridge earthquake, it was also
observed that equipment designed after the 1971 Feamando earthquake suffered less

damage comparing to older equipment (Jaigirdar 005

2.2 Previous vulnerability studies on substation

Several experimental and analytical studies haws lm®nducted for evaluating the
seismic performance of different substation comptsmeA list of different substation

vulnerable studies is shown in Table 2.1.

Table 2.1 Studies on vulnerability assessment sfibstation components

Substation components Reference

. Ersoy (2002); Ashrafi (2003);Ersoy and
Transformer and bushing system Saadeghvaziri (2004); Saadeghvaziri et al. (2010);
Ersoy (2001); Filiatrault and Matt (2006)

Makris and Roussos (1998); Makris and Zhang

Rocking response and overturning of equipment (1999)

Rigid electrical equipment anchored to a base
foundation (e.qg., transformer)

Electrical substation equipment connected by non-
linear rigid bus conductors

Makris and Black (2001, 2002)

Song et al. (2007)

Cable-connected equipment items Hong et al. (2001)
High-voltage disconnect switch Paolacci and Giainf@09)
550 kV porcelain transformer bearings Gilani ef(B#099a)
230-kV porcelain transformer bushings Gilani e{3899b)
High-voltage substation disconnect switches Whétadt al. (2007)
High-voltage transformer-bushing systems Whittadteal. (2004)

The previous vulnerability studies showed thatdhalytical and experimental works
are undertaken for a particular failure mode. Seh@l. (2007) and Hong et al. (2001)

worked on the response of cable connected equipnigaby and Saadeghvaziri (2004)



worked on seismic interaction of transformer andghing system; Makris and Roussos
(1998) worked on rocking response and uplifting@gfipment, etc. Combining all the failure
modes together will be a challenging task, butilitrelp to start integrating such diversity of
failure modes to give a better understanding onpmrant vulnerability. Other studies that
have been performed related to substation anditgponents vulnerability are discussed in

the following paragraphs.

Anagnos (1999) developed fragility curves for diéfiet equipment of a substation for
specific types of failure modes. Data from twehagtlequakes which occurred between 1971
and 1994 was used to develop these fragility curd@sgnos (1999) did not consider the
statistical dependence among the observations whiimating the equipment fragilities. The
dependency mainly comes when any equipment exmpesemultiple earthquakes. Straub
and Der Kiureghian (2008) showed that the conveati@pproach of fragility estimation
using the past earthquake damage data differsfismmily if they introduce effects of
statistical uncertainty and component statisticapehdence on the system fragility.
Developing fragility curves based entirely on theailable damage data is not always
sufficient as damage data is not enough to adelgudédine a fragility curve (e.g., there

could be lack of data or incomplete data or mis§ailgre modes) (Anagnos 1999).

On the other hand, Hwang and Chou (1998) usedsskssment tools (i.e., fault tree
and event tree) to evaluate the performance ofeatrieal substation for a seismic event. In
their study, fault tree and event tree demonsttaganterrelationship between the substation
components. Fragility of a substation was deterthibg using the fragility of individual
components in event tree and fault tree. The ftegl of individual components were

determined by analytical or experimental analygi$ibo and Hwang (1995).



Matsuda et al. (1991) developed a method to assésstation damage and system
impacts during an earthquake event. The methoddes|, 1) identifying scenario earthquake
(high probability, large magnitude earthquake),sgjecting and ranking the substations
based on their exposure to scenario earthquakesthesdimportance to the system, 3)
performing additional assessment on highest raskédtations, 4) assessing damage on the
system due to scenario earthquakes, and 5) finddlyeloping seismic hazard mitigations.
Their methodology was tested and verified for themhk Prieta earthquake. Their
assumptions were that 1) soil condition has a Bggmit effect on substation components, 2)
dead tank and bulk oil circuit breakers would netdamaged during the earthquake, 3) most
of the damage would occur to the 500kV substatguipEnent, and 4) substation equipment
below 115kV voltage level was unlikely to be danthgehose assumptions matched with the

actual scenario during the Loma Prieta earthquake.

The previous studies reflected that work has lamme to assess vulnerability of
substation as a whole and its individual componeits evaluate the whole substation
vulnerability, it is essential to get an idea o thulnerability of its components. Vulnerability
assessment of substation components could alsohievad by using risk assessment tools,
other than developing analytical model or experitakeranalysis. When it comes to
measuring the seismic risk of substations on a seae, analytical and experimental work
may not be suitable. As analytical model is timastoning and computationally intensive,
on the other hand, experimental work is expensiMe following section discusses the

basics of risk assessment.
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2.3 Methods for risk assessment

In a very broader sense, risk can be defined asdimination of the probability, or
frequency, of occurrence and the consequence pkeafe hazardous event (Susnik et al.
2010). While doing risk assessment, it is necessarintegrate knowledge with diverse
nature (i.e., qualitative and quantitative). Riskessment can be done by specially focusing
on qualitative knowledge. For example, organizadod human analyses are more naturally
modeled with qualitative knowledge and some of thealitative techniques of risk
assessment are Hazard and Operability AnalysisZ®#), what-if analysis, preliminary
risk analysis, Hazard Assessment Critical Contmh® (HACCP), etc (Aven 2008). On the
other hand, technical level risk assessment isliyso@deled with quantitative information.
There are several quantitative risk assessmemntitpeds such as, Fault Tree Analysis (FTA),
Event Tree Analysis (ETA), Failure Mode and Effeatsalysis (FMEA), barriers and bow-

tie diagrams, etc. (Aven 2008).

For seismic risk assessment of critical substatmmponent (i.e., transformer in this
thesis), the main characteristics to be modeledsta@hastic behavior of earthquake ground
motion (Song et al. 2004), induced effects fromugid motion (i.e., liquefaction, rocking
response) (ASCE 1999), behavior and performancenteiconnected equipment (Der
Kiureghian et al. 1999a), the complexity of theuipgqent itself, the integration of
qualitative information with quantitative knowledgbe multi-state nature of equipment, the
dependencies between events such as failures,raxedtainties on the parameter estimation
(Weber et al. 2010), etc. Thus, classical depetitalfi.e., availability, safety, reliability,
maintainability, integrity) analysis methods, suak failure mode and effect analysis

(Abdelgawad and Fayek 2012), fault trees (Bobbi#9l®orter et al. 2006), Markov chains
11



(Yi et al. 2011), Petri nets (Wakefield and Se&@97), and Bayesian belief networks (BBN)

(Bensi et al. 2011; Liu et al. 2011), can be used.

The BBN provides a robust probabilistic method e&soning under uncertainty
(Bobbio et al. 2001). Recent literature shows awgrg interest on BBN, because of its
usefulness in risk assessment of complex systemsddi and Dugan 2005; Langseth and
Portinale 2007; Mahadevan et al. 2001). A brietdssion of each method with relation to
BBN is provided in the following paragraphs. Thedailissions highlights that BBN has many
capabilities that make them well suited for th&k rssessment of substation components.
This thesis uses the BBN as a risk assessmentdqmérform vulnerability assessment of
high-voltage transformers. It has been successagplied in a variety of real-world tasks,
and their suitability for risk assessment is coaed by several researchers (e.g., Bensi et al.

2011; Liu et al. 2011; Tesfamariam and Liu 2013sfamariam et al. 2011).

Failure mode and effect analysis (FMEA) techniqaes widely used to identify
potential failure modes, to assess the risk aswsatiaith those failure modes, to rank the
issues in terms of importance and to identify aaycout corrective actions to address the
most serious concerns (Lee 2001). FMEA is an effediault analysis technique but the
ability of inference is not very enough and FMEAthwal is not suitable to use the fault
related symptoms to do some posterior inferencen@¥et al. 2009). In addition to that, this
method is difficult to use in decision making aedse, on contrary BBN is excellent at them
(Chen et al. 2010). BBN can be constructed from PMIEd the events that cannot be done

in FMEA, BBN takes care of them (Shi and Wang 200dng et al. 2009).

12



Fault tree (FT) analysis is one of the most popwmhniques for dependability
analysis. The FT is a graphical model of variousilcimations of faults that may present as
parallel and sequential way, which will result etoccurrence of the predefined undesired
event. FT can easily be mapped into a BBN. By uSBN in comparison with FT, it is
possible to obtain some additional power both adeling and at the analytical level. Bobbio
(1999) explained the different issues of FT and BB analysis could give exactly the
probability of failure of a system or equipment.eThroblem arises when it deals with
multiple failure of components that lead to sevetifferent consequences on the system
(Weber et al. 2010). That is a common case in aist dependability analysis, and those
models need to be represented by multiple statmblas. In that context, FT is not a
preferable option. Another problem with FT analysishat, it is limited to one top event. On
the other hand, BBN has the similar capabilitieda&s in addition, BBN allows us to do
multistate variable modeling and enables us tosasseveral output variables in the same
model. Therefore, it is possible to represent FIBBH, but the reciprocity is not always

true.

Markov chain (MC) is another suitable method foliatglity (i.e., continuity of
correct service of the system), and availabilite.(i readiness for correct service of the
system) studies of systems. The analysis evalext@st failure probability, even if there is
presence of dependencies among components. lisghp® to integrate diverse knowledge
and to represent multistate variables with the loéIMC. One of the main disadvantages of
MC is the analysis becomes complex when a largebeurof variables are considered (De
Souza and Ochoa 1992). On the other hand, BBN takes of that issue since the

parameters in conditional probability table becoroessiderably low as compared to MC
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(Weber et al. 2010). Later in this thesis, MC ha®erb used to develop the simplified

predictive model.

Stochastic Petri Networks (SPNs) are considered aaditional method to model
reliability, availability etc.(Balakrishnan and Vedi 1996).This is a powerful modeling
process except that the reliability analysis metimatldes a rigorous simulation procedure.
Therefore, SPN using simulation methods has twad¥iantages: inefficient consideration of
low frequency events and the simulation time (We#iaal. 2010). It is essential to consider
low frequency events in risk analysis process asdants are rare events with high
consequences. In addition, SPNs do not allow iategy evidence easily, whereas BBN

takes into account these events.

As in the case with most computational methods ithgation with BBN is that the
calculations can be highly demanding when the BBNJénsely connected (Bensi et al.

2011). A basic idea of BBN is given in the followisection.
2.4 Bayesian belief network

Bayesian belief network (BBN) is a graphical modeht allows a probabilistic
relationship within a set of variables (Pearl 1988 BBN consists of a directed acyclic
graph (DAG). Here, the nodes represent variabléstefest with several possible states, and
the links between them indicate probabilistic caelect relationship among the variables.
The uncertainties in a BBN model are reflected ubgfosubjective probability (Pearl 1988;
Liu et al. 2011; Tesfamariam et al. 2011). Theattiehs between the variables in a BBN

are expressed in terms of family relationshipderein a variabld andB is said to be
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the parent of?, andC the child of4 andB if the link goes fromA to € andB to C (as shown

in Figure 2.3). Based on Figure 2.3, a BBN maydomulated by the following steps;

1. Variables necessary and sufficient to model thélpra framework of interest
are identified (e.g., variabl¢, B, andC).
2. Causal interrelations existing between the natleB, andC are formulated,
graphically shown by arrows.
3. A number of discrete mutually exclusive states assigned to each variable
(e.g.,A andB has two states, state | and state II, @rftas three states state I,
state Il and state IlI).
4. The network supports the computation of thiebabilities of any subset
of variables (e.g., variabl€) given evidence about any other subset (e.g.,
variableA and variableB). These dependencies are quantified through afset
conditional probability tables (CPTs); each vargald assigned a CPT of the
variable given its parents.
e Rl Variable B || VariableB | Probability
State| R Statel R
Statell B _ State |l R
Variable A Probability | Conditional probability of vari able C
State | Statelll State lll
Statel Statel P Py P
Statell State ll P Pio P14
Statell Statel P P11 Pis
Statell Statelll P P P

Figure 2.3 A sample Bayesian probabilistic netwdr

The conditional probability structure reduces te tmconditional probability (UP) if

the variable does not have a parent node. Theskalpities (i.e., unconditional or
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conditional probabilities) are evaluated from higtal data, expert judgment, or their
combination (Abogrean and Latif 2012; Cockburn dedfamariam 2012; Liu et al. 2011).
When it comes to computation of probabilities akravents in complex structural and infra-
structure systems, Straub and Der Kiureghian (20bPgroposed a new method which
combines BBN and structural reliability methods §83. In a BBN analysis, fon number

of mutually exclusive hypotheseH;;-,. ), and a given evidence, the updated

probability is computed by,

p(E|H;) x p(H))
~.p(E|H) x p(H;) 2.1

P(H;|E) =

computed by multiplying our previous belie{H;) by the likelihoodP(E|H;) that E will
materialize ifH; is true.P(H;|E) is sometimes called the posterior probability gomply

posteriol), andP (H;) is called the prior probability (qarior).

The advantages of use of BBN are, it can be asktedal according to historical data,
expert judgment, or their combination, and can beduto update probabilities when new
information is available (Liu et al. 2011; McCanh &. 2006; Uusitalo 2007). New
information includes evidence on one or more véembor observed states that can be
entered into the BBN. The new updated informatiooppgates throughout the network to

provide up-to-date probabilistic values.
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Chapter 3: Proposed Bayesian Belief Network

This chapter demonstrates a seismic risk assesdnaemework using the Bayesian
belief network (BBN) for high-voltage transformensa substation. Although there are other
reasons which are responsible for transformer valbibty (e.g., deterioration of structural
anchors, aging of transformer parts, etc.), thésihonly considers the vulnerability of high-
voltage transformers due to seismic vibration. Deginning section gives a general ideal
about the framework and subsequently, the frameuwsrdaborated upon in the following
sections. In the end, a sensitivity analysis i$quared to investigate the significance of input

parameters to the output result (i.e., transfortd@@nage probability).

A Bayesian belief network (BBN) was used to evautite performance of the
transformer in the event of an earthquake. In thesis the nodes (i.e., variables) in BBN
represent the performance of different componerffita dransformer and consequences
induced by earthquake shaking. The links betweemtindicate informational or causal
dependencies among the variables. To develop $keassessment framework using BBN,
the seismic performance of substation components nggiewed from past earthquake
records (ASCE 1999; Eidinger and Tang forthcomiligichell et al. 1990; Schiff 1997).
Cause and effect analysis of the transformer valmibty based on the past earthquake
records showed that transformer damage is initidtexlto soil instability, rocking response
and interaction coming from the conductors, duedative movement of the substation

components.

Based on the cause and effect analysis of transformulnerability, a conceptual

framework for transformer vulnerability was deveddpas shown in Figure 3.1. Figure 3.1
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shows interaction coming from the conductors (K)) instability, and rocking response of
transformer (RT) as a function of ground motioneidity measure. Finally, transformer
vulnerability is related to earthquake induced otge(e.g., IC, soil instability, RT). This
thesis denoted ground motion intensity measure,stfll, instability, RC and transformer
vulnerability as the objects of BBN. An object iBBN framework is a distinct node behind
which another BBN resides. When several variablesrdaroduced to a BBN network, use of
these objects reduces graphical clutter (Bensi.e20®99). Thus, objects are introduced to
proposed BBN framework to perform risk assessmértigh-voltage transformer (Figure
3.1). The complete BBN framework with each of thBNBof these objects is shown in
Figure 3.2 and elaborated in the following subsedtiand each of the BBN of the objects is

described in the following subsections.

1
Ground motion intensity :
measure |

1

|

Rocking response of

11 1
11 I
L - 11 I
Soilinstability | transformer (RT) 1
11 1
11 1

I

1

1 . .

" Interaction coming from
1 conductors (IC)

1
1

Vulnerability of critical substation
component

Figure 3.1 Conceptual BBN for high-voltage transirmers
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Ground motion intensity
measure

Interaction coming from the
conductors (IC)

Rocking response of transformer
(RT)

Existing
conductor
Length

Required
conductor
length

Liquefaction
Conductor
failure

Liquefaction

A
Foundation ' Failure of
failure component
Transformer
damage

Vulnerability of transformer

Failure of
component
class 1

Figure 3.2 Proposed BBN for seismic risk assessmef transformer

3.1 Ground motion intensity measure

Ground motion is characterized by an intensity mesgswvhich could be any one of a
number of ground motion parameters (e.g., peak ngroacceleration (PGA), spectral
horizontal acceleration at a particular period)K&a2008). Several attenuation relationships
are available to quantify ground motion intensay $everal tectonic regions, such as western
North America (Abrahamson and Silva 1997; Booralett997; Campbell 1997; Sadigh et
al. 1997), eastern and central North America (Ag&m and Boore 1995; Toro et al. 1997),
Cascadia subduction zone (Atkinson and Boore 196dngs et al. 1997), etc. These models
anticipate the probability distribution of groundtion intensity, as a function of different
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variables such as the earthquake’s magnitude ndestdaulting mechanism, the near-surface
site conditions, the potential presence of diréstieffects, etc (Baker 2008). Kuehn et al.
(2009) used BBN for modeling dependencies betwessungl motion intensity and
source/site characteristics. In their study, thé\Bfas developed based on the data available
in PEER NGA database (PEER 2005). Later on Benal.§2011) proposed another BBN
model for modeling seismic demands, addressinthalshortcomings found in the previous

studies of Bayraktarli et al. (2005, 2006) and Kuehal. (2009).

For this thesis, PGA was used as a ground motitensity measure. To calculate
PGA values, the attenuation equation provided bgrBet al. (1997) was used. Other studies
on ground motion intensity measure could be usee, has well. Depending on the
researcher’s preference, an appropriate methodldshmmu selected. In their study ground
motion intensity (i.e., spectral acceleration, hontal peak ground acceleration) was given
as a function of moment magnitud¥,(), site to fault distanced{, fault type, and soil type.
Their model is valid if site to fault distance s between 0-80km only and the moment
magnitude range is in between 5.5 to 7.5. In thiidy, the faulting mechanism is defined
into three types: strike-slip faulting, reversgsfaulting and unknown faulting. For an

unknown fault type the attenuation equation carepeesented as follows,
InPGA = —0.242 + 0.527(M,, — 6) — 0.778In R — 0.3711n(Vy3,/1396) 3.1

where,R = vd? + 31.025 and Vg3, is shear wave velocity of soil. Therefore, Fig@@
shows the ground motion intensity (i.e., horizof@&A) as a function of moment magnitude

(M,,), site to fault distancet, soil type §;), and fault mechanisniy;).
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Site to fault distance (km)

0 0.2 0.4 0.6 0.8 1 1.2
PGA (9)

Figure 3.3 Attenuation of PGA as a function of & to fault distance
(for soil type: NEHRP class E)

In this thesis, eight node states were used toribes®GA, namely, extremely
extremely low EELpg,), extremely low ELpg,), very low VVLpga), low (Lpga), medium
(Mp¢a), high Hpga), very high VHp,), and extremely highEHp:,4); corresponding PGA
range of each node states areFRIGA <0.10, 0.18 PGA <0.15, 0.15 PGA <0.20, 0.20
PGA <0.30, 0.38 PGA <0.40, 0.48 PGA <0.60, 0.68 PGA <0.80, and 0.80PGA <1.0,
respectively. Five node states, with different mwdd (dy_s, ds_15, di5_5s, dys_ss, and
dss_go) Were also defined to describe site to fault dista@). Selection of range of values,
corresponding to each node statedoivas done following Figure 3.3. For example, when
PGA ranges from 0.8 to 14, varies from 0 to 5km (which is representing veaw value).

Table 3.1 shows the node states and correspondings/of input variable.
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Table 3.1 Description of basic input parametersadr “ground motion intensity measure”

Variable
(Unit) States Value UP
Mss Mw = 5.5 0.20
Me.o My =6 0.20
Mw Me.s My = 6.5 0.20
M70 My =7 0.20
M7s My =7.5 0.20
dos 0<d<5 0.20
ds.15 5<d <15 0.20
d (km) Oi5.05 15<d <25 0.20
Obs.55 25< d <55 0.20
dss5.80 55<d <80 0.20
Class A \,3=1890 0.20
) Class B \{3~1070 0.20
ils(\;zjo'” Class C V=520 0.20
Class D \3=250 0.20
Class E \3=150 0.20

Furthermore, moment magnitudd,() was discretized into 5.5, 6, 6.5, 7, and 7.5; the
corresponding states were named&s, M, ,, My, M,;, and M, ., respectively. Soil type
(S7) was discretized into five states based on tharsivave velocity of soill{;;,), similar to
NEHRP site classégi.e., class A, class B, class C, class D, ansscl). The classification
of soil type is described more elaborately in ApirrA. Finally, fault mechanism#,) was
considered to be fixed (i.e., unknown faulting).eTnconditional probability (UP) table

corresponds to each states of input parameteralsseshown in Table 3.1. The UPsMdf,,

d andS; were defined a%/n = 1/5 = 0.20 (Cockburn and Tesfamariam 2012).

Table 3.2 shows the conditional probabilities fode variable PGA. To develop the

CPT table, 124 pairs a¥fy, (Mss, Mgy, Mgs, My, M, <), d (dy_s, ds_15, di5s—35, dps_ss,

2 Weblink: http://www.seis.utah.edu/urban/nehrp.shfirdst visited February 11, 2013)
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dss_go), and $ (class A, class B, class C, class D, class E) welected and the median
PGA values were calculated using the EquationBete, the subscript in the states denotes
the range of values or discrete values to the spomding state. Finally, the calculated
values of PGA along with the UP of input variablesre synthesized into Netica software

(Norsys Software Corp 2006) to develop the CPTn&pshot of these probabilities is shown

in Table 3.2.
Table 3.2 Snapshot of the CPT for node variablePGA”
PGA
(M W,dv ST) (ELPGAvVL PGA» LPGAv MPGAv HPGA1 VHPGAv EHPGA1 EEHPGA)
(M55 tos, Class A) (0.144, 99.017, 0.137, 0.136, 0.1443D,0.149, 0.141)
(Mg0, tos, Class E) (0.174, 0.161, 0.169, 0.177, 0.158,3#8.8.158, 0.165)

(Mss, hs.os Class A) (98.749, 0.169, 0.175, 0.184, 0.17%8®.D.188, 0.169)
(Moo, Gisos Class E) (0.183, 0.181, 98.716, 0.190, 0.18B8).0.179, 0.182)

(Ms s Gss.g0 Class A) (98.756, 0.187, 0.169, 0.164, 0.1778®,D.182, 0.178)
(M75 Chsg0 Class A) (99.005, 0.147, 0.141, 0.141, 0.13748®,D.135, 0.145)

3.2 Solil instability

Soil instability is one of the factors that maygger by ground vibration and may
cause the failure of substation components (ASC#1&idinger and Tang forthcoming).
This thesis considered only soil instability dueliuefaction. Several studies have been
performed so far to predict the liquefaction irtiba in the event of an earthquake. These
studies quantified the soil liquefaction using det@istic and probabilistic techniques,
which is either based on laboratory tests or emgdiricorrelations. The deterministic

empirical correlation proposed by Seed and Id{€¥1) using Standard Penetration Test
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(SPT) is a widely used method in practice. Latethmr method was revised by Youd et al.
(2001). On the other hand, Bayraktarli (2006), et al. (2002), Tesfamariam and Liu
(2013), etc. used a Bayesian framework for prokslal assessment of the initiation of
seismic soil liquefaction. For this thesis, BBN nfrawork for predicting liquefaction
initiation was adapted from Tesfamariam and Liul@0(Figure 3.2). Other studies on
predicting liquefaction initiation could be useddeas well. Depending on the researcher’s

preference, an appropriate method should be sdlecte

In this thesis, liquefaction was conditioned orefifactors, PGA, average grain size
(Dsg), CPT tip resistancey(), total vertical over-burden pressuegy] and effective vertical
overburden pressure’ (o). Effective vertical overburden pressuee,§ was conditioned on
total vertical over-burden pressugf. This thesis used the historical data availabléhe
literature Timothy and Scott (1995) to predict liggefaction initiation. The highest value of
PGA in the database was found 0.6g. To captureffieet of PGA from 0.6g to 1g, a very
high liquefaction initiation probability was assumnevith a PGA of 0.6g to 1g. As
liquefaction initiation requires local ground aaraltion greater than 0.10g (Morales and
Morales 2003), it was assumed that liquefaction ld/mat occur between a PGA range of 0

to 0.1g.

Table 3.3 shows the node states of all the inputbkes used in the liquefaction

prediction.
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Table 3.3 Description of basic input parametersadr “soil instability”

Variable

(Unit) States Value UP
Extremely Low (EL) & PGA <0.10 -
Very Low (VL) 0.16< PGA <0.15 -
Low (L) 0.15< PGA <0.20 -
Medium (M) 0.26¢ PGA <0.30 -

PGA(g)  High (H) 0.33< PGA <0.40 -
Very High (VH) 0.4& PGA <0.60 -
Extremely High (EH) 0.68 PGA <0.80 -
Extremely Extremely High -
(EEH) 0.80< PGA <1.0
Very Low (VLo.o.09 0< Ds,<0.05 0.591
Low (Lo.0s-0.19 0.05 D5 <0.10 0.283

Dso (mm)  Medium (M 10.0.19 0.1(x Dgp <0.15 0.15%
High (Ho 1509 0.15¢ Dsp <0.30 0.30(
Very High (VHs 30.0.6) 0.30< D5 <0.60 0.201
Very Low (VLg.1 5 0<q <15 0.14(
Low (L1s5.9 1.5<q. <3 0.251

?'f/l pa) Medium (M) 3< ¢ <6 0.251
High (Hs.12) 6< Q. <12 0.20¢
Very High (VH;2.39 12< . <30 0.14¢
Very Low (VLg.s0) 0< o, <50 0.13¢
Low (Lso.79) 50< 6,, <70 0.20:

6, (KPa)  Medium (Myg.100 70< 6y <100 0.22¢
High (H100.150 100< 6,0 <150 0.24:
Very High (VHis50.309 150< 6,, <300 0.19(
Very Low (VLo.4o) 0< o'y, <40 -

, Low (L40-60 40< 6'yo <60 -

E‘Kvga) Medium (Mso-109 60< o'y <100 -
High (Hyo0.150 100G< 6y <150 -
Very High (VHis0-259 150< 6'yo <250 -

*Note: The subscript denotes the range of valuesdoh state

In this thesis, PGA was discretized into eightestatas discussed in the previous
section). The range of values of PGA (see Tablg 8 each node states was selected
according to Figure 3.4. Figure 3.4 shows thatdfgation initiation was observed when
PGA values were more than 0.1g. PGA ranges fromtd@.3g shows a significant amount
of data points for liquefaction initiation; there¢o more discretization (i.e., very low, low,
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medium) was made for this range of PGA. After 0.B§;A values were discretized

uniformly.

GA

s o
Now
@GR @ © ¢

0 T 1
0 1

Liquefaction Occurence (0 =No,1 = Yes)

Figure 3.4 PGA vs. liquefaction occurrence (baseah the historical data provided in Timothy
and Scott (1995))

Five node states very low, low, medium, high, veigh were also defined to describe
D<o, q., 040, anda’,,,. Finally, liquefaction was considered to have states, liquefaction
occurrence (“Yes”) and non-occurrence (“No”). Thage of values of each node state for all
the variables is given in Table 3.3. Based on traglable historical data (Timothy and Scott
1995) liguefaction occurrence versas,, a',,,, Dso, andq, bar charts were plotted in Figure
3.5.The graphs show the relation between liquefaadiccurrence and the variables. Finally,
all the data were synthesized into Netica softwWil@sys Software Corp 2006) to develop

the CPT. A snapshot of these probabilities are shiovrable 3.3.
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Figure 3.5 Liquefaction occurrence versus,o, 6'yo, e, and Dsg

Table 3.4 Snapshot of the CPT for node variabldituefaction”

(PGA, Dsg, G, Gvo, 6'vo)

Liguefaction (Yes, No)

(Extremely LOW,VL0.0_05 VL 0-1.5 VL0.5(), VL0.40)

(0.002, 99.998)

(Medium,VL ¢.0.0s VH12:30 VL o.50, L4o-60)

(Very High, Lo 0s.0.16 VL o-1.5 H100-150 M60-100

(44.023, 55.977)

(53.650, 46.350)

(High, Ho 15.0.30 He-12, Lso-70 VL 040

(Extremely High,VH g 30.0.60 M3.6, M70-100 VH 150.250

(48.465, 51.535)

(99.998, 0.002)

(Extremely HighHo 15.0.36 He12 Ls0-70 L4060

(99.998, 0.002)

27



3.3 Interaction coming from the conductors

The conductor connection flexibility between subeta equipment affects
earthquake equipment damage (ASCE 1999). Substamuipment may experience
significant displacement at interconnected poiats shown in Figure 3.6), that may lead to
conductor failure between the interconnected corapts Der Kiureghian et al. (1999a)
investigated the effect of interaction between shéstation equipment interconnected by
different type of conductors (i.e., rigid conductord flexible conductor). They found that
the seismic responses of cable connected equipwnet significantly higher if compared
with stand-alone equipment. Later on in Der Kiuieghet al. (1999b), they extended their
previous work by doing further investigation onfelifent conductor types. In addition to that
Der Kiureghian et al. (2001) investigated the bébrawf equipment connected with spring-
dashpot-mass elements representing a conductorSmung et al. (2007) investigated the
behavior of equipment connected with non-lineaidrtgus conductor, and Hong et al. (2001)
investigated the behavior of equipment connectet vable conductor and the influence of

different parameters of cable conductors on theamse of connected equipment.
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L, straight line distance between attachment points

\
Conductor during
shaking ‘

] 1 |

Conductor position prior

Power Transformer to earthquake

Disconnect switch

Figure 3.6 Behaviour of cable connected equipmen{power transformer and disconnect
switch) during an earthquake event

Dastous et al. (2004) proposed a simple methodttmate expected displacement of
the substation equipment under seismic excitafibethodology proposed by Dastous et al.
(2004) to calculate the displacement of the suisstatomponents used generalized SDOF
method. The process to estimate the required dlatkeen the equipment is reported in
detail in IEEE-1527 (2006) and IEEE-693 (2005). Tdéenductor failure will occur if
sufficient slack has not been provided in the catalubetween the moving components (Der
Kiureghian et al. 1999a). The first step to esterthie displacement between interconnected

equipment would be an estimation of individual ¢haspment of the equipment. Once the
displacement is known, it is possible to compare ribquired slack (based on calculated

displacements) with the provided slack, to find whether there would be any conductor
failure or not.

Following IEEE-693 (2005), the expected deflectiémsdifferent voltage equipment

(hence different natural frequencies), are provitedSCE (1999) and the values are shown
in Table 3.5.
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Table 3.5 Typical equipment displacement (ASCE B9)

Operating Voltage

Frequency
138kV 230kV 500kV

High : 8 Hz and greater: transformer, tank

reactor, dead tank circuit breakers 25-50mm 25-75mm 100-300mm

Medium : 2.5-8Hz: disconnect switches, live-

tank circuit breakers, capacitor banks 50-150mm 200-1000mm . 300-1500mm

Low : under 2.5Hz: capacitor voltage
transformers, current transformers, wave trapsl50-500mm 200-1000mm 300-1500mm
suspended components

The conductor length between two adjacent itemsgaipment should be enough to
accommodate the relative displacement between gbgment. This relative displacement
can be evaluated using the square root of the dutheosquares (SRSS), absolute sum
method and combine displacements using the completeratic combination (CQC) (for
more detail calculation see IEEE-693 (2005)). EiguaB.2 shows the calculation of relative

displacement using SRSS method (IEEE-1527 2006).

) ) 3.2
Dy = 1.25 x Xmax,1 + Xmax,2

where, D, is the maximum horizontal relative displacemenirMeen equipment 1 and 2,
Xmax1 1S the maximum standalone displacement of equiprhen the conductor direction,
and x4, 2 IS the maximum standalone displacement of equipnZeim the conductor
direction. Using Equation 3.2, the relative displaent between transformer and disconnect
switch (the adjacent equipment to power transfoyroan be calculated. The calculatdg,,

values are shown in Table 3.6.
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Table 3.6 Calculated relative displacements betwa transformer and disconnect switch

Operating Voltage
Description

138kV 230kV 500kV

Relative displacement between power

. . 70-198mm 93-267mm 280-839mm
transformer and disconnect switch

The required conductor length between intercondectenponents can be estimated

using the following equation.
L =L +L,+D, 3.3

where, the., is the length of the straight line distance betwattachment points (see Figure
3.6) andL, is an additional provision for the conductor cgofiation under consideration, as
to not transfer unnecessary additional loads tethepment when fully stretched. Here, sum
of L, andL, will give a constant value, henc®,.,; in the equation will basically determine

whether the conductor length is adequate to witltstaseismic event or not.

The conductor failure can be determined by compattie existing conductor length
and the required conductor length. Figure 3.2 shibatsthe conductor failure is a function of
existing conductor lengthECL) and required conductor lengtiRqL), and the required
conductor length is conditioned on seismic hazael, (PGA). When PGA is high, the
required conductor length is high and vice versa.this thesis, conductor failure was
discretized into three states, namely, unlikdW.4z), likely (Lcr) and very likely VLcr).
Furthermore, five node states corresponds to \@my (VL;_150), 10W (L150-300), Medium
(M300-450), high Hss0-700), @and very high L,0-1000) Were also defined to describe

existing conductor lengthECL) and required conductor lengtR@L). Here, the subscript in
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each of the state denotes the range of valuefhiéocdrresponding states, which is provided

in Table 3.7.

Table 3.7 Description of basic input parametersdr IC: existing conductor length (ECL)/

required conductor length (RCL)

Operating voltage of Value of UP for
equipment States conductor length (CL), (mm) ECL
Very low 1< CL <50 0.20
Low 50< CL <100 0.20
138kV Medium 106 CL <150 0.20
High 150< CL <200 0.20
Very high 206 CL <250 0.20
Very low I<CL <75 0.20
Low 75< CL <150 0.20
230kV Medium 15 CL <225 0.20
High 225 CL <300 0.20
Very high 30& CL <375 0.20
Very low I CL <150 0.20
Low 150< CL <300 0.20
500kV Medium 30& CL <450 0.20
High 4506< CL <700 0.20
Very high 706 CL <1000 0.20

The range of values corresponds to each statesagetaned based on Table 3.6. As

mentioned before, the length of the conductorssira of a constant value (i.é4 + L,) and

relative displacementD,.;; the range of values for each state was assumsztbn D,

(i.e., ignoring the constant part)The corresponding unconditional probability of each

parameter (i.e.ECL and RCL) was defined aé/n (Cockburn and Tesfamariam 2012).

Finally, with the consideration of two input parasrs (i.e..ECL andRCL), the CPT for the

“conductor failure” was generated. A snapshot @t t&@PT is shown in Table 3.8. The

complete table is given in Appendix B. It is a kdeslge based conditional probability table.

For example, whenECL, RCL) is (L1s50-300, M300-450), the probability of conductor failure

will be high; corresponding conditional probabégiof conductor failure (g, Lcr, VLcR)
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were assumed (5, 30, 65) (Table 3.8). Conversehgemthe ECL, RCL) is (M300—450,

Lis0-300), the probability of conductor failure will be lgwcorresponding conditional

probabilities of conductor failure (W, Lcr, VLce) were assumed (80, 15, 5) (Table 3.8).

The basis of this assumption is, when existing ootat length is lower than the required,

the conductor failure is very likely and vice versa

Table 3.8 Snapshot of the CPT for node variableconductor failure”

(ECL, RCL)

Conductor failure
(ULCFv Lcr, VLCF)

(VL1150 VL1159

(80, 20, 0)

(L150-300 M300-45&

(M 300-450 L150-30()

(5, 30, 65)

(80, 15, 5)

(M 300-450 H450-70()

(VH 700-1000 H450—70&

(25, 30, 45)

(75, 20, 5)

(VH 700-1000 VH 700-100()

(60, 30, 10)

3.4 Rocking response of transformers

Several cases have been found, by searching thlieepabquake records, that the
transformer moved back and forth. Some of the dscshowed that due to back and forth
movement of the transformer, the foundation tilkked remained tilted after the earthquake.
In some cases, the foundation remained in itsiposibut damage to bus work indicated that
there was a back and forth movement during théhgaake (ASCE 1999). Makris and
Roussos (1998, 2000) investigated the rocking respof free standing block and Makris
and Zhang (1999, 2001) investigated the rockingarse of anchored blocks. The free

standing transformer will experience the rockingp@nse without experiencing any restoring
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force coming from the anchorage. On the other hdredanchored transformer will not rock
until the strength of the restrainer has exceededracture. Makris and Black (2002)
investigated the uplifting and overturning of equgnt anchored to a base foundation. Their
study looked into the performance of high strerrgitrainer for a wide range of earthquake
motion. This thesis considered both the rockingeoase of free standing transformers and

anchored transformers.

Strong ground motion may initiate slide or set upoeking motion to electrical
transformers that may result in substantial dam&tpenton (1996) derived the governing
criteria of the initiation of the slide and rock des from rest for a rigid, rectangular block
(i.e., transformer) subjected to horizontal founatatacceleration. The governing equations
for rest, slide, and rock modes for a rectangulee fstanding rigid block are presented in

Table 3.9.

Table 3.9 Governing conditions for rest, slide,rad rock modes

Modes Conditions

Rest PGA < ug; andPGA < B/H
Slide Us < PGA; andB/H < g
Rock B/H < PGA; andB/H < uq

*Note: A;= PGA, peak ground acceleration, B/H= width to heigtio
of a rigid block, 4=Static coefficients of friction

These criteria were plotted in thg, versus PGA parameter space for a block with a
width to height ratio (e.g.B/H) of 0.50 as shown in Figure 3.7. The parametecesps
divided into three regions by the lines correspogdiou; = PGA, u; = B/H = 0.5, and

PGA = B/H = 0.5. These three regions correspond to rest, slickrark.
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Therefore, the rocking response of a transformepedds on four factors,
anchoragePGA, static coefficients of frictionu(), and width to height ratio (B/H) (Figure
3.2). This thesis considered that, if the transtarmvere unanchored, the rocking response
would follow the criteria provided by Shenton (19%nd that if the transformer were
anchored, it would not rock until the anchoragéetai Hence, the variable “anchorage” has
two states, anchored and unanchored. In thisshB3i assumed to have three states, rest,
slide, and rock. Furthermore, B/H ratio had eigates,A; 34, Bo 39, Co42: Do43s Eos0s Fos1
Gy s andH, ¢o. Here, the subscripts denote the valusd 6. Each of the state denotes width
to height ratio B/H) of transformers given in Makris and Roussos (3988 had only one
state, representing the coefficient of frictionvibetn the concrete (the base at which the
transformer is resting) and steel (material of trensformer bottom). The value of the

coefficient of friction between concrete and stéel0.45. The range of values that
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corresponds to each state of the input parametesisown in Table 3.10. The corresponding

UP of each parameter was calculate&/a§(as previous).

Table 3.10 Description of basic input parameterfor “Rocking response of transformer”

Variable States Value uUpP
Extremely Low & PGA<0.10 -
Very Low 0.1 PGA <0.15 -
Low 0.1 PGA <0.20 -
Medium 0.26: PGA <0.30 -
PGA High 0.36< PGA <0.40 -
Very High 0.46< PGA <0.60 -
Extremely High  0.68 PGA <0.80 -
Extremely
Extremely High 0.80< PGA <1.0
Aoz 0.34 0.125
Bo .39 0.39 0.125
Co.az 0.42 0.125
Dou3 0.43 0.125
B/H Eo.50 0.50 0.125
Fos1 0.51 0.125
Goes 0.65 0.125
Ho.so 0.69 0.125
Anchorage Anchored - 0.50
Unanchored - 0.50

Table 3.11 shows the snapshot of CPT for the nadiahe RT. The complete table
is provided in Appendix C for the anchored transfer. The probabilities for an unanchored
transformer were calculated based on the govercomglitions provided by Shenton (1996)
(see Table 3.9). While calculating the probab#itigd was assumed that 100% probability of
being at rest, slide and rock mode would be constieshen the combination of PGA and
B/H values fell in the ‘ash colored zone’ (markedthe Figure 3.8). When the points fell
outside the marked zone, the assumption was teaprbbability of being in that specific
zone would be decreased linearly. For exampleptiat was just outside the line connecting

points 1 and 2, the probability of being at restuldonot be 100%; there would be some
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probabilities of being at slide mode. If the poimoved towards the ling, = PGA,
probability of being at rest would be decreaseedity; if the point was on the line, the
probability of being at rest and slide would be aqif the transformer was anchored, the
probabilities were assigned based on some assumpsach as the transformer would be at
rest for low PGA values and the probability of sBoxmer being at rocking and sliding mode
would increase with the increment of PGA (as higghAPmay fracture the anchorage). For
example, Table 3.11 shows, when the input (P8A{, Anchoragey) is (Extremely High,

A, 34, Unanchored, 0.45), the probabilities of beingeat, slide and rock mode are (0, 17.25,
82.75). On the other hand, when the input is (Exélg High, A, 34, Anchored, 0.45,), the
probability of fracturing of anchorage is high R&A is high), as the output shows (Rest,

Slide, Rock) = (43, 12, 45).

Table 3.11 Snapshot of the CPT for node variablRT”

(PGA, B/H, Anchorage, 1) RT (Rest, Slide, Rock)
(Extremly Low, Ay 34 Anchored, 0.45) (200, 0, 0)

(Low, Fy 51, Unanchored, 0.45) (200, 0, 0)

(Very High, Ay34 Anchored, 0.45) (48, 10, 42)

(Very High, G s Unanchored, 0.45) (46.02, 49.09, 4.88)
(Extremly High, A 34 Anchored, 0.45) (43, 12, 45)
(Extremly High, A 34 Unanchored, 0.45) (0, 17.25, 82.75)

37



1 @ L
3 4
" : ! Rock
= 3
§° 0.8 - E
.J:' Rest 0 5. .................. 6.
S <
= g
4= 0.6 1
© :
= Y
Q
2 | h= B/
&= 0.4 1
5}
54 _ 8 9
L o k=PGA T T T TP~ @
= 1 "
< 0.2 4 3
~N—
»n Slide
7
0 T . T T T
0 0.2 0.4 0.6 0.8 1

Peak ground acceleration, PGA (g)

Co-ordinates of the points:

1=[0.5 B/H, 0],2=[0.5 B/H,B/H],3=[0.5 B/H, 1], 4=[ 0.5 (1+B/H), 1]
5=10.5 (1+B/H), 0.5 (1+B/H)], 6 =[1, 0.5 (1+B/H)], 7 =[0.5 B/H, 0]
8=[B/H, 0.5 B/H],9=[1, 0.5 B/H]

Figure 3.8 Boundaries of rest, slide, and rock nues to calculate CPT

3.5 Transformer vulnerability

Based on past earthquake records, ASCE (1999) relaloo on the earthquake
performance of power transformers. The causesilofézof transformer components during
an earthquake are listed in Table 3.12. Table 8hbvs that causes of failure of transformer
components during an earthquake are considered thué to conductor interaction between

interconnected equipment, liquefaction and rockexponse.
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Table 3.12 Causes and effects of failure of trafsmer components

Component

Cause

Effect/Observed failure

Foundation failure

= Soil liquefaction/ differential settlement

= Rocking effect

= Tilt of a foundation

= Soil may remain level, but the
due to back and forth movement
other parts of the transformer may
fail (e.g., low voltage bus, bushing,
lightning arrester, radiators,
conductor failure due to relative
movement)

Radiator failure
(less probable to
fail)

= Relative movement of the transformer and ther Qil leakage at the coupling

radiator (for self supported radiators).

= For non-manifold radiators, the
observed failure was found for a
PGA 0.15g during Northridge EQ
= Deformation in the manifold
support is found

Internal parts

= Earthquake induced vibration

= Internal transformer fault, which
may trigger the circuit breaker to
open

Conservator failure

= Relative movement of the conservator and the The structural support system

transformer case.

failed

= The pipe connection between the
conservator and transformer tank
failed

= A piping failure may result in an
oil spill

Lightning arrester
and tertiary
bushing failure

= The flexibility of bus support structures

imposed loads on the bushings

= Failure of lightning arrester and
tertiary bushing

Porcelain bushing
failure

= |nertial loads on bushings due to ground

vibrations

= Rocking response of transformer

= [nteraction loads from the conductors
= Effect of failed lightning arrester

= Failure of porcelain bushing

Based on the studied causes and effects of transefaomponent failure, a BBN for

transformer vulnerability was developed (showniguFe 3.2). In this thesis, the components

were classified into two groups, component clasgi.4., radiator, internal parts, and

conservator) and component class 2 (i.e., lightrangster and tertiary bushing failure,

porcelain bushing failure). The classification wime depending on the causes of failure.

Components that fail due to the transformer rockiegponse and foundation failure were

39



named as component class 1 and components thaiddail to conductor failure and
transformer rocking response, and foundation failmere named as component class 2

(Table 3.12).

Hence, the foundation failure is conditioned on &t liquefaction, component class
1 is conditioned on RT and foundation failure, &ndlly, component class 2 is conditioned
on IC, RT and foundation failure. In the end, tfanser damage is a function of foundation
failure and component failure (classes 1 and 2} Tdundation failure, the failure of
component class 1, and the failure of componemssc?awere considered to have two states,
likely to fail and unlikely to fail. The variableansformer damage had three states, low,
medium and high probability of damage. Table 3Téhle 3.14, Table 3.15, and Table 3.16
show the CPT for foundation failure, failure of qooment class 1, failure of component class

2, and transformer damage. These tables are knge/leased conditional probability table.

Table 3.13 Description of CPT for node variable foundation failure”

Foundation failure

(RT, Liquefaction) (Unikely, Likely)
(Rest, Yes) (30, 70)

(Rest, No) (99, 1)

(Slide, Yes) (5, 95)

(Slide, No) (70, 30)

(Rock, Yes) (1, 99)

(Rock, No) (45, 55)

Table 3.14 Description of CPT for node variable failure of component class 1”

Failure of component class 1
(RT, Foundation failure) (Unlikely, Likely)

(Rest, Unlikely) (99, 1)
(Rest, Likely) (30, 70)
(Slide, Unlikely) (40, 60)
(Slide, Likely) (20, 80)
(Rock, Unlikely) (30, 70)
(Rock, Likely) (1, 99)
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Table 3.15 Description of CPT for node variable failure of component class 2"

Failure of component class 2
(Conductor failure, RT, Foundation failure)  (Likely, Unlikely)

(Unlikely, Rest, Unlikely) (99, 1)

(Unlikely, Rest, Likely) (40, 60)
(Unlikely, Slide, Unlikely) (45, 55)
(Unlikely, Slide, Likely) (30, 70)
(Unlikely, Rock, Unlikely) (40, 60)
(Unlikely, Rock, Likely) (20, 80)
(Likely, Rest, Unlikely) (45, 55)
(Likely, Rest, Likely) (25,75)
(Likely, Slide, Unlikely) (35, 65)
(Likely, Slide, Likely) (15, 85)
(Likely, Rock, Unlikely) (20, 80)
(Likely, Rock, Likely) (20, 90)
(Very Likely, Rest, Unlikely) (35, 65)
(Very Likely, Rest, Likely) (15, 85)
(Very Likely, Slide, Unlikely) (30, 70)
(Very Likely, Slide, Likely) (10, 90)
(Very Likely, Rock, Unlikely) (10, 90)
(Very Likely, Rock, Likely) (1, 99)

Table 3.16 Description of CPT for node variable transformer damage”

(Foundation failure, Failure of

component class 1, Failure of Tranformer damage
component class 1) (Low, Medium, High)
(Unlikely, Unlikely, Unlikely) (99, 1, 0)

(Unlikely, Unlikely, Likely) (20, 60, 20)
(Unlikely, Likely, Unlikely) (5, 30, 65)

(Unlikely, Likely, Likely) (3,20, 77)

(Likely, Unlikely, Unlikely) (5, 25, 70)

(Likely, Unlikely, Likely) (2, 15, 83)

(Likely, Likely, Unlikely) (0, 10, 90)

(Likely, Likely, Likely) (0, 1,99




The assumption behind generating Table 3.13 watsfthemdation failure is more

likely when transformer rocking and liquefactiorcooence probability are high. Table 3.14
shows that when the transformer is in rocking maaie there is a high chance of liquefaction
occurrence, the failure of component class 1 &yikWhen it is in rest mode and there is no
probability of liquefaction occurrence, failure pedbility is very low, and when it is in slide
mode it is considered to have low probability afuiee. Table 3.15 was generated based on
the assumption that there will be a higher proligbdf failure of the component class 2
when conductor failure, foundation failure, andhsf@rmer rocking occur, and vice versa.
Finally, Table 3.16 was generated based on themgggn that failure of foundation and
component class 1 cause more damage to the traresfonence the damage probability is
higher. The failure of component class 2 will natise severe damage to the transformer, as
it is possible to replace such components mordyedsifact, some substations keep spare

porcelain bushings, lightning arresters and tertiarshings.

3.6 Sensitivity analysis

Since BBN employs prior conditional probabilities;is essential to carry out the
sensitivity analysis to understand the significaotmput parameters to the output results. In
literature, different methods have been proposefdeirdorm sensitivity analysis in a BBN
(Jensen 1996; Pearl 1988). The variance reductiethad was used in this thesis to
determine the sensitivity of output parameter régay the variation of a particular input
parameter. This method was chosen as the inputneéess needed to assess the transformer
damage had discrete and continuous values (Norsfig/e&8e Corp 2006; Pearl 1988) and
was applied for similar application (Cockburn andsfemariam 2012; Ismail et al. 2011,

Tesfamariam and Martin-Pérez 2009). The method iémptomputation of variance
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reduction of the expected real value of a queryen@de.g., transformer damage) due to
varying variance nod€ (e.g., PGA, liquefaction). Therefore, the varianée¢he real value

of Q given evidencéd’, V(q|f), is computed as (Norsys Software Corp 2006; P<88),

V@l f)=2 p@l X, -EQ| ) 3.4

whereq is the state of the query no@e f is the state of the varying variable nddep(q|f)
is the conditional probability of givenf, X, is the numeric value corresponding to state

andE (Q|f) is the expected real value @fafter the new finding for noderF.

Results of the sensitivity analysis for the modilstrated in Figure 3.2 are
summarized in Table 3.17. Table 3.17 shows theamae reduction and normalized percent
contribution of the main input variables. The patosontribution values are normalized with
respect to the sum of all the percent contributbrthe input parameterd, M,,, and S
showed the highest normalized percent contributewards the variance reduction, 67%,
16.12%, and 15.12%, respectively. To a lesser éegne rest of the input variables showed
normalized percent contribution less than 1%. Resaf this analysis showed that the
seismic hazard has the most contribution to theltseand the sensitivity of the parent node
(i.e.,d, M, Sy, ECL) significantly depends on the variability of thepdadent children (i.e.,
PGA, conductor failure, liquefactiorRCL). This indeed highlights the need for rigorous
method of quantifying site seismicity (e.g. see ®8eet al. 2011) and incorporation of

mitigation techniques to delineate the seismic delr(a.g. use of base isolation).
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Table 3.17 Sensitivity analysis for “transformerdamage” using proposed BBN model

Normalized percent

Node Variance reduction contribution
D 3.62E-02 67.00%
My, 8.73E-03 16.12%

Sr 8.19E-03 15.12%
ECL 4.11E-04 0.76%

Guo 2.41E-04 0.44%

Oc 1.32E-04 0.24%
Anchorag 1.18E-04 0.22%
B/H 6.01E-05 0.11%

Dso 3.67E-06 0.007%
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Chapter 4: Predictive Model Development

This chapter consists of two main sections, devetyg of predictive model using
Markov chain, and response surface method (RSM)ciBgting different scenarios in the

BBN framework (as shown in Chapter 3), these aealygere performed.
4.1 Model development using Markov chain

To understand the pattern of change of low, medamah high transformer damage
probabilities with the change of PGA, 10,000 randatues of the input parameters (PGA,
B/H, 04, qc, Dso, ECL) were generated. The simulations were done for aechand
unanchored transformer separately. The results pleteed and fitted for low, medium and
high transformer damage probability (see Figure ahil Figure 4.2). The pattern of the
graphs for states, low, medium and high, show tiratprobabilities decrease gradually for
low damage state, on the other hand, the probabilihcrease gradually for high damage
state. The probabilities for medium damage statesease for a certain time and after
reaching a peak the probabilities decrease. Tie wéthe probabilities for low, medium and
high damage states in the graphs follows the Magkaperty. A stochastic process has the
Markov property if the conditional probability digtution of the future state only depends on

the present state (Feller 1971).
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Figure 4.1 Simulated data plotted for (a) Low, (b Medium and (c) High damage states of

anchored transformer

46



©
IS
)

2 2
= g
3 3
o o 031
a oLow S SRR ©Medium
2056 S
g g 'S Ly
G SR 027 RS LRREN
B4 RSALIE, © 3
T CAR ORI 5 QRS
£ ERKESEIT £ =
£ R £ s ate
o SRR S 0.1 SREIEIEE
5 0.2 1 RREEEAS = RIS
c SSLD c CE B9
@ eE% O b ERAR%
'_ RISP K = N\
0 : EERBTD ¢ : . : : .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
PGA PGA
(a) (b)
l -
2
E
80.8 A
o
o
(]
0.6 -
&
€
©
T 04
(O]
E
202 -
c
o
£ :
o XD | : : : .
0 0.2 0.4 0.6 0.8 1
PGA
(©)

Figure 4.2 Simulated data plotted for (a) Low, (Medium and (c) High damage states of
unanchored transformer

The Markov chain model was developed using the Isiian data. This model is
widely known in developing a deterioration modeloofil infrastructure (Baik et al. 2006;
Enright and Frangopol 1999; Morcous and Lounis 200%e Markov chain is a stochastic
process whose development can be treated as a sérimnsitions between certain states

(Lounis et al. 1998; Morcous 2006). The process$ bl considered as a first order Markov
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process if the probability of being in a futuretstanly depends on a present state and not on
how it is achieved (Parzen 1962). This property bangiven as follows, for a discrete

parameter stochastic proce&s)(with a discrete state space,

P(Xiyq = ii+1|Xt.= it'Xt—1.= lt—1, 0, X1 = i1, Xo = ig) = P(X¢4q
= U1 Xe = 1p)

4.1
wherei,= state of the process at timgand P= conditional probability of any future event
given the present and past event. In this thesiatk® chain was used to predict the
transformer damage probability for different disgerdamage states (i.e., low, medium, and
high) and accumulating the probability of transitivom one state to another over multiple
discrete PGA interval. Transition probabilities arsually represented by a matrix of order
(n X n) and called the transition probability matrix épresented bg. Here,n is the number

of condition states (e.g., for this thesis= 3). The transition probability matrix can be

represented as follows,

P11 P12 - Pin
P21 P22 - DP2n
po| . . 42
[Pn1 Pn2 -+ Pnnd

where each elemeng; ; in the matrix represents the probability that adition of the
transformer damage will go from stdtéo statej during a certain PGA interval. If the initial
condition vectorP(0) of the transformer is known, the future conditiactor P(t) at any

number of PGA intervalét) can be presented as follows (Morcous 2006),

P(t) = P(0) x Pt 4.3
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The transition probability matrix of transformemaage for anchored and unanchored
condition was developed using the simulated dataat calculated based on the condition
that it minimizes the root mean square estimatibndistance between the Markovian
expected value of the state and the damage prdbebilor that state as predicted by the
BBN framework. The transition probability matrixrfanchored and unanchored transformer

for estimating transformer damage probabilitiesgiven in Equation 4.4 and 4.5.

0.989 0.011 0.000 4.4
Prnchorea = [0.000 0.956 0.044
0.000 0.000 1.000

0.980 0.020 0.000 4.5
Pynanchorea = |0.000 0.920 0.080
0.000 0.000 1.000

The transition probability graphs with the chandePGA values are also given in
Figure 4.3 and Figure 4.4. The graphs show thatidhestate transition probabilities for
unanchored transformer decreases more quickly ttteanchored transformer and the high
state transition probabilities reach more quickby 1100% for unanchored transformer in
comparison to anchored transformer. That meanMtr&ov model shows that with the use

of anchorage, as expected, the transformer danragalglity is reduced.
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4.2 Predictive model development using RSM

This thesis aims at the screening of importantades followed by developing an
adequate functional relationship between the respaf interest (i.e., transformer damage
probability) and the associated input variables.,(M,,, d, Sy, ECL, B/H, etc.) using a
response surface method (RSM) approach. Seveedra®ers have used RSM in different

engineering application(Buratti et al. 2010; Mollerr al. 2009; Rajeev and Tesfamariam

5



2012; Zhou et al. 2013). If the response of inteieslenoted by, and the associated input
variables are denoted as, x,, x5, ..... Xk, the unknown relationship between them can be
approximated by response surface methodology wtocisists of a group of mathematical
and statistical techniques (Khuri and Mukhopadh28¢0). Two main approximations are
commonly used in RSM, first order model or polynahwof higher degree (such as second
degree model)(Rajeev and Tesfamariam 2012). Tla#iorship can be represented by a low

degree polynomial model of the form,

y=f'(B+e 4.6
where,x = (X1, X3, X3 wee v o , X)), f(x) is a vector function op elements that consists of
powers and cross products of powersgfx,, x3, ... ... , X up to a certain degree denoted by

d(= 1), B is a vector op unknown constant coefficient referred to as patameance is a

random experimental error assumed to have a zeao.me

Design Expert V8 (2009) software was used to perféhe screening and RSM
approach. A fractional factorial design (Resolutigrdesign) consisting of 18 runs was used
to screen the most important input variables (Mg, d, Sy, ECL, B/H, 0,,, q., andDg;)
for anchored and unanchored transformer. The regpohthe input variables is denoted as
transformer damage probability. For the study & ghmediction model, mean transformer

damage probability was used (instead of using diffestates).

Resolution IV designs were used because they afalder screening of main effects
and it allows to determine if interactions exidtls¢r manual of Design Expert V8 (2009)).
The analysis results provide half normal plot arateBb chart to screen the important

variables. After selecting the important variabbesed on t-values and Bonferroni limits,
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analysis of variance (ANOVA) along with its sigridince level was generated. After that the
model significance was tested and the model wathdurused to select the important
variables. The most significant factors or variablgere studied later on using RSM
approach. Design Expert V8 (2009) has an optionetaimptimal RSM approach’ which is

useful to create a good design for fitting a linepradratic, cubic model and higher (up to
6™ order models. Optimal RSM approach was furtheedu® generate an approximate

relationship between the response and significanables.
4.2.1 Screening of input variables

Instead of 256 experimental runs as per full faatatesign (8), just 18 runs were
performed as per Resolution IV design. It redudesl run without much compromise on
errors. Each of the parameters varied with two l&viee., My, (5.5 and 7.5)d (0 and 80
km), Sy (150 and 1890 m/seq),, (0 and 300 KPa),. (0 and 30 MPa)Ds, (0 and 0.6 mm)
and ECL (1 and 1000 mm). The Pareto chart gave thatMpe d, Sy, B/H, o,,, q., and
ECL are the most significant factors for both anchoaed unanchored transformer (Figure
4.5 and Figure 4.7). Thus, these variables werentals model variables and the ANOVA
model was constructed. Both of the models were dasignificant (for anchored p<0.0001
and unanchored p=0.0002) and the models passeubtimal distribution test too (Figure 4.6

and Figure 4.8).
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Design-Expert® Software
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A: Mw

B: d

C: ST (soil type)
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Figure 4.5 Screening of important variables forransformer (Anchored) damage probability

calculation using a Pareto chart
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Normal Plot of Residuals
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Figure 4.6 The internally studentized residuals ad normal % probability plot of tranformer
(Anchored) damage probability for the Resolution 1Vdesign
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Figure 4.7 Screening of important variables forransformer (Unanchored) damage
probability calculation using a Pareto chart
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Normal Plot of Residue
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Figure 4.8 The internally studentized residuals ad normal % probability plot of tranformer
(Unanchored) damage probability for the ResolutionV design

4.2.2 Prediction equation using Response Surface Metho®REM)

The significant variables found in screeniyf, d, Sy, B/H, 0,,,q., andECL) were
selected for further analysis using RSM approachotal of 315 runs were conducted using
optimal RSM analysis for both anchored and unarethtransformer. In this thesis, three of
the variables were discret¥y,, S, andB/H) and rest of them were continuous §,,, q.,
andECL). Five discrete values of,, = {5.5, 6, 6.5, 7, 7.5} and; = {150 m/sec, 250 m/sec,
520 m/sec, 1070 m/sec, 1890 m/sec}, and threeadessalues oB/H = {0.34, 0.5, 0.69}
were varied in the model. On the other hand, tweelte (low to high) were varied for
continuous variables in the model, i+ [0, 80 km],o,, = [0, 300 kPa]g,. = [0, 30 MPa]

andECL = [1, 1000 mm].
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For anchored transformer, the model summary shoeeadratic as the most
significant model (p<0.0001) with non-significamick of fit. Analysis of ANOVA showed
that M,,, d, Sy, 0,0, ECL, M,, xd, M,, X S, d X Sy, d X 0,,, d?, S;*, andq.? were the
most significant. Rest of the main variables argrtmteractions had p-values greater than
5% significance level. Thus, the model was agaimegated with the significant variables and
their interactions. As|. did not have any significance, the higher levéiaction ofg,. (i.e.,
q.%) was ignored in further analysis. The reduced cptadd model was again found
significant with p-value <0.001. The normal plotresiduals (Figure 4.9) and the actual vs.

predicted plot (Figure 4.10) satisfied the normatribution and prediction capability.

Normal Plot of Residuals
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Figure 4.9 The internally studentized residuals ad normal % probability plot of tranformer
(Anchored) damage probability for quadratic model
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Predicted vs. Actual
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Figure 4.10 The actual and predicted plot of traformer (Anchored) damage probability using
guadratic model

For unanchored transformer, the model summary siieeved quadratic as the most
significant model with non-significant lack of finalysis of ANOVA showed thaV,,, d,
Sy, Opos ECL, M, X d, M,, X Sg, d X Sp, d X 6,,, S; X B/H, d?, S;°, q.2 andECL? were
the most significant. The rest of the main variatdad their interactions had p-values greater
than 5% significance level. Thus, the model wasimggenerated with the significant
variables and their interactions. &/H and q. did not have any significance, the higher
level interactions o8 /H andgq, (i.e.,S; x B/H andq.?) were ignored in further analysis.
The reduced quadratic model was again found sggmifi with p-value <0.001. The normal
plot of residuals (Figure 4.11) and the actual predicted plot (Figure 4.12) satisfied the

normal distribution and prediction capability.
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Normal Plot of Residuals
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Figure 4.11 The internally studentized residualand normal % probability plot of tranformer

(Unanchored) damage probability for quadratic model
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Predicted vs. Actual
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Figure 4.12 The actual and predicted plot of traformer (Unanchored) damage probability
using quadratic model

The final predictive equations are given in Equagi@d.7 and 4.8 for anchored and

unanchored transformers, respectively.

Transformer damage probability
= —0.79436 + 0.24306 x M,, — 6.08641E7% x d
+ 1.21407E7%* X S; — 4.24104E7%* X 0,,, — 7.2997E 7% x ECL
—1.6282E7% x M,, X d — 6.6912E7% X M,, X S; + 1.71676E %6 4.7
X d X Sy + 6.01768E7° x d X g, + 1.19735E%* x d?

+ 6.11752E798 x §;°

Transformer damage probability
= —0.87825 + 0.26834 X M,, — 5.77915E7% x d
+ 1.21610E7%* x S; — 4.46855E°* X 0, — 1.95185E%* X ECL
—1.94687E7% x M,, x d — 6.8807E7% X M,, X Sy + 2.14197E~°¢
X d X Sy +6.35941E7° x d X 0,,, + 1.2883E7%* x d?
+ 5.20427E798 x S;2 + 1.28913E7°7 x ECL?

4.8
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Figure 4.13 and Figure 4.14 show the interactioasvéen the variableg and S; has a

positive effect on the response, for both ancharetlunanchored transformer.

Transformer damage

1890

1020

d (km) ST (n/sec)

80 150

Figure 4.13 3-D interaction plot for d (fault tosite distance in km) and $ (soil type, defined by
shear wave velocity of soil, in m/sec) in the quadtic model (for anchored transformer)
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Figure 4.14 3-D interaction plot for d (fault tosite distance in km) and $ (soil type, defined by
shear wave velocity of soil, in m/sec) in the quadtic model (for unanchored transformer)

4.2.3 Model validation

To validate the predictive equations, again 10,88fdom runs were generated by
randomly changing the eight input variables (iMy;, d, Sy, B/H, 0y, qc, Dso, @and ECL)
for both anchored an unanchored transformer. Thetinalues of the variables are shown in
Figure 4.15 in bar charts. The results from the Bfédnework were compared with the
results found using the prediction equation. FiglwEs and Figure 4.17 show comparison
between the actual and predicted values of tram&fodamage probability for anchored and
unanchored conditions, respectively. The graphsvdimw the data points are scattered over
the line of equality. For the anchored transformer model predicted comparatively well in
compared to unanchored transformer. Both of thetgrahow that models predict well for

the high values of transformer damage probabiltg. the other hand, while predicting the
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low transformer damage probability the model presdiosalues less than zero in some cases.

This is the weakness of the predictive model.

Earthquake magnitude, Mw Earthquake distance,d Soil type, S,

.l .l
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. ’\r_}b q:_}éo f_;lso

Q Q Q Q
N ‘3 a;\é ’\ ‘bo’

Width to height ratio, B/H Total vertical overburden pressur CPT tip resistance,q,

TP 1 1 |
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Figure 4.15 Bar charts showing the range of valgeof input variables
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Figure 4.16 Model validation for anchored transfomer
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Chapter 5: Conclusion and Future Work

Based on the observed failure from the past eaalteg) this thesis proposed a risk
assessment framework using BBN, for high-voltagedformers. Cause and effect analysis
of the transformer vulnerability showed that thensformer damage is initiated due to soil
instability, rocking response and interaction cognfrom conductors, due to the relative
movement of the substation components. This thesed information from published
literature to develop the conditional probabiliabtes in BBN. The framework predicts the

damage probability of a high-voltage transformdsjscted to seismic events.

Using the proposed framework a sensitivity analygas performed. The sensitivity
analysis showed that the input parameters relateskismic hazard had more contribution
towards the transformer damage and average ger{%j,) has lowest contribution towards
the transformer damage. Hence, the best strategy rieduce the PGA at the transformer

base that could be confirmed by using the basatisal at the transformer base.

After that, response surface method (RSM) was tsetkvelop a predictive model.
To perform the RMS an initial screening was perfednas the number of input variables are
more than five. The results from screening showeat taverage grain sizeD{;) had
insignificant contribution to the transformer darmaagrobability, similar to the sensitivity
analysis. Two quadratic equations were developeyu8SM for anchored and unanchored
transformers, to predict the mean probability @ihsformer damage. Finally, for different
combinations of input variables, the transformandge probability was calculated using the
predictive model and compared with the actual @dwh of the results for anchored and

unanchored transformer showed that models pred#itfar the high values of transformer
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damage probability. On the other hand, for the kbansformer damage probability, the
model predicted values less than zero in some cabésis the weakness of that predictive

model.

Another analysis was performed by doing 10,000 Ktmans with randomly
generated eight input variables. The output datangtormer damage probabilities in
different states, i.e., low, medium, and high) ween plotted to understand the pattern of the
dataset. The result showed that the damage prabesbibf different states followed the
Markov property. Therefore, in the end of the cstsrly, the transition probability matrices
for anchored and unanchored transformer were dped|oto predict the probability of
transformer damage in different states (i.e., lavedium, high) with the change of PGA

values.

The results are particularly useful supporting siecis on mitigation measures and
seismic risk prediction in a region. One of the eonagdvantages with BBN frameworks is
that when new information is available it can belated very easily. This intuitive nature is
also useful for different stakeholders. Note thBNB could also benefit from analytical and
experimental results, which are typically explofed single failure modes of substation
components, but that can be systematically intedrétrough BBNs. This thesis combined

most of the critical failure modes observed forhhigltage transformers to date.

The main limitation of the current study is thaveral conditional probabilities in the
transformer vulnerability assessment were knowledgsed. This may change with the
perspective of researchers and the stakeholdergew the methodology is ready to accept

conditional probabilities that are developed baseather evidence data (i.e., historical data,
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results from analytical and experimental work). Raure study this part could be refined.
Also, this thesis showed risk assessment of hidtage transformer without considering any
retrofitting options. Further study can be carr@ed by including retrofitting options to the
transformer components. This thesis can also barsqu by including other causes of
failure of high voltage transformer (e.g., deteai®on due to ageing, failure due to multi-

hazard).
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Appendices

Appendix A: NEHRP Site Class with Recommended Values of Averagghear-wave

Velocity

Site Soil Profile Name VszpRecommended NEHRP Vg Range
(m/sec) (m/sec)

NEHRP class A Hard rock 1890 > 1500
NEHRP class B Rock 1070 760 to 1500
NEHRP class C :girlz' dense soil and soft 360 to 760
NEHRP class D Stiff soil profile 250 180 to 360
NEHRP class E Soft soil profile 150 <180

*Note: The provided information is available in:
http://peer.berkeley.edu/course_modules/eqrd/imde@c227top.htm&227cont.htm&IntExmp/atten00. itast
visited February 11, 2013)
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Appendix B: Description of the CPT for Node Variable “Conductor Failure”

Conductor failure

(FCL RED (ULcr, Ler, Vicr)
(VL11s0 VL1150 (80, 20, 0)
(VL1150 Liso-300 (40, 50, 10)
(VL 1150 M300.450 (5, 20, 75)
(VL1150 Haso700 (0, 15, 85)
(VL1150 VH700-1009 (0, 5, 95)
(L1s0-300 VL1-150 (90, 10, 0)
(L1s0-300 L1s0-300 (80, 10, 10)
(L150-300 M300-450 (5, 30, 65)
(L1s0-300 Haso-700 (5, 20, 75)
(L1s0-300 VH700-1009 (0, 15, 85)
(M300.450 VL1150 (90, 10, 0)
(M300-450 L150-300 (80, 15, 5)
(M300.450 M300.450 (70, 20, 10)
(M300.450 Haso-700 (25, 30, 45)
(M300-450 VH700-1009 (10, 15, 75)
(Has0-700 VL1.150 (95, 5, 0)
(Has0-700 L150-300 (85, 10, 5)
(Has0-700 M300.450 (80, 15, 5)
(Haso-700 Haso-700 (65, 25, 10)
(Has0-700 VH700-1000 (25, 30, 45)
(VH700-1000 VL1-150 (98, 2, 0)
(VH700-1000 L150-300 (95, 5, 0)
(VH700-1006 M300.450 (85, 10, 5)
(VH700-1006 Haso-709 (75, 20, 5)
(VH700.1000 VH700-1000 (60, 30, 10)
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Appendix C: Description of the CPT for Node Variable “Rocking Response of

Transformer”

(PGA, B/H, Ug) RT (Rest, Slide, Rock)
(Extremely Low, /4934 Anchoied, 0.45 (100, 0, O
(Extremely Low, Ey 3 Anchoreq, 0.45 (100, 0, O
(Extremely Low, (45 Anchoreq, 0.45 (100, 0, O
(Extremely Low, [h43 Anchored 0.45 (100, 0, O
(Extremely Low, k5o Anchoreq, 0.45 (100, 0, O
(Extremely Low, k55, Anchoreq, 0.45 (100, 0, O
(Extremely Low, (65 Anchored 0.45 (100, 0, O
(Extremely Low, kyeq Anchored, 0.4 (100, O, O

(Very Low, Ag34 Anchored, 0.4¢ (100, 0,0
ery Low, Bo.3s, Anchored, 0.4¢ , 0,
(Very Low, Bg 34 Anchored, 0.4¢ (100,0,0
(Very Low, Cy 45 Anchored, 0.5) (100, 0,0
(Very Low, Dg 43 Anchored, 0.4¢ (100, 0,0
(Very Low, Eq 50, Anchored, 0.4¢ (100, 0,0
(Very Low, Fy 55, Anchored, 0.4¢ (100, 0,0
(Very Low, Gges, Anchored, 0.4 (100, 0,0
(Very Low, Hoes, Anchored, 0.4¢ (100, 0,0
(Low, A4 Anchored, 0.4: (100, 0,0
(Low, By zg Anchored, 0.4¢ (100, 0,0
(Low, Co42 Anchored, 0.4¢ (100, 0,0
(Low, Dg.4s Anchored, 0.4: (100, 0,0
(Low, Eqs0, Anchored, 0.4¢ (100, 0,0
(Low, Fo 53, Anchored, 0.4¢ (100, 0,0
(Low, Gges, Anchored, 0.4: (100, 0,0
(Low, Hoes, Anchored, 0.4: (100, 0,0
(Medium, A 34 Anchored, 0.4¢ (100, 0,0
(Medium,Byg 35, Anchored, 0.4: (99, 1,0
(Medium,Co 42, Anchored, 0.4: (99,1,0
(Medium,Dg 43 Anchored, 0.4¢ (99,1,0
(Medium, Eg 56, Anchored, 0.4¢ (99,1,0
(Medium,Fy 51, Anchored, 0.4¢ (99,1,0
(Medium,Gg 65, Anchored, 0.4¢ (100, 0,0
(Medium,Hg s, Anchored, 0.4¢ (100, 0,0
(High, Ao.s4 Anchored, 0.4¢ (99, 1,0
(High, Bo s, Anchored, 0.4: (85,7.57.5

(High, Co 45, Anchored, 0.4¢ (85, 15, ()
(High, Do.43 Anchored, 0.4¢ (0, 44, 56
(High, Eq 50, Anchored, 0.4¢ (95, 0,9
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(PGA, B/H, )

RT (Rest, Slide, Rock)

(High, Fo51, Anchored, 0.4: (95,0,5
(High, Gy 65 Anchored, 0.4¢ (99,1,0
(High, Hyse, Anchored, 0.4¢ (99,1,0
(Very High, A4 Anchored, 0.4: (48, 10, 42
(Very High, Egzs Anchored, 0.4! (50, 15, 35
(Very High, Cy 45 Anchored, 0.4¢ (54, 16, 3C
(Very High, Co4s Anchored, 0.4: (55, 16, 29
(Very High, Eys0, Anchored, 0.4¢ (60, 25, 15
(Very High, Fys1, Anchored, 0.4: (61, 28, 11
(Very High, Go s, Anchored, 0.4: (69, 30, 1
(Very High, ko Anchored, 0.4: (69, 31,0
(Extremely High, 434 Anchored, 0.4! (43, 12, 45
(Extremely High, ks Anchored, 0.4¢ (38, 22, 4C
(Extremely High, (.42 Anchored, 0.4¢ (40, 43, 57
(Extremely High, [, 43 Anchored, 0.4 (42, 26, 32
(Extremely High, ks Anchored, 0.4¢ (40, 32, 28
(Extremely High, 51, Anchored, 0.4¢ (48, 34, 18
(Extremel High, Gyes, Anchored, 0.4 (50, 45, 5
(Extremely High, tyes Anchored, 0.4 (50, 49, 1
(Extremely Extremely High, ¢34 Anchored, 0.4 (25, 15, 6C
(Extremely Extremely High, o309, Anchored, 0.4! (25, 25, 5C
(Extremely Extremely High, ¢4 Anchored, 0.4f (30, 30, 4C
(Extremely Extremely High, (43 Anchored, 0.4 (30, 32, 38
(Extremely Extremely High, o5, Anchored, 0.4 (35, 35, 3C
(Extremely Extremely High, ¢51, Anchored, 0.4¢ (38, 42, 2C
(Extremely Extremely High, ¢65 Anchored, 0.4t (38, 54, 8
(Extremely Extremely High, o6 Anchored, 0.4¢ (39, 59, 2
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