
ABSTRACT

MAHANTA, MRINAL JYOTI. Challenges in Seismic Fragility Assessment of Structures
and Components in Nuclear Power Plants. (Under the direction of Dr. Abhinav Gupta
and Dr. Saran Srikanth Bodda.)

Seismic safety assessment of important systems and components in critical facilities such

as nuclear power plants involves seismic fragility analysis. The seismic fragility curve

depicts the vulnerability of various equipment, structures, and non-structural

components in these facilities and their ability to withstand seismic loads. However, the

development of the seismic fragility curve is affected by uncertainties involving material

properties and finite element modeling. Therefore, consideration of these uncertainties is

important for the vulnerability assessment of both structural and non-structural

elements, such as piping systems in nuclear power plants. Failures of piping systems in

nuclear power plants during an earthquake can potentially result in an accident

condition. The stability and proper functioning of piping systems and components are

important for maintaining the safe operation of nuclear power plants as well as for a safe

shutdown following an earthquake. The safe operation of a nuclear power plant also

relies on electrical equipment, such as relays, which are acceleration-sensitive. Relays

play an important role in the safety of a nuclear power plant by producing output

signals that initiate a shutdown in the event of an earthquake. This research addresses

the effect of the uncertainties associated with the material properties and finite element

modeling on the simulation-based seismic fragility curves of piping systems and electrical

cabinets. However, accurately determining the fragility values using the conventional

method requires conducting multiple time history analyses at various Peak Ground

Accelerations (PGA), which makes the process of developing the seismic fragility curves

computationally intensive. Therefore, this research presents a novel Bayesian

framework-based methodology to develop the seismic fragility curve of a structural or

nonstructural component, which is computationally efficient compared to conventional

approach of conducting a large number of complex and time consuming nonlinear

simulations for developing fragility.
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PART I

Introduction
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I.1 Introduction

Seismic fragility analysis plays a crucial role in the seismic safety assessment of the

important systems and components in critical facilities such as hospitals and nuclear power

plants. The vulnerability of various equipment, structures, and non-structural components

in these facilities and their ability to withstand seismic loads can be assessed by the

results of seismic fragility analysis. This information is also essential for risk-informed

decision-making, as it provides insight into the potential consequences of seismic failures,

allowing for proactive measures to be taken to reduce the risk of accidents. Moreover,

seismic fragility assessment also provides insights into developing more robust designs,

incorporating necessary upgrades, and implementing e�ective mitigation strategies for

increased resiliency against earthquakes.

Failures of non-structural components, such as piping systems in nuclear power

plants and hospitals during an earthquake, have resulted in accidents and �nancial loss.

The stability and proper functioning of the piping system and components are important

for maintaining the safe operation of nuclear power plants as well as for a safe shutdown

following an earthquake. A malfunction in the piping system or its component could

lead to a loss of coolant circulation during or after an earthquake, increasing the

likelihood of releasing radioactive material. The substantial damage su�ered in the

hospital buildings due to internal �ooding caused by broken pipes at the joint locations

during the 1994 Northridge earthquake and the 1971 San Fernando Earthquake [1� 4]

illustrate the importance of proper functioning of piping systems during an earthquake.

In light of this, various experimental studies [5� 8] have been conducted over the past two

decades to assess the seismic fragility of the piping systems.

The safe operation of a nuclear power plant also relies on electrical equipment, such

as relays, which are acceleration-sensitive. Relays play an important role in the safety of
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a nuclear power plant by producing output signals that initiate a shutdown in the event

of an earthquake. Therefore, to ensure the reliability of instruments housed within an

electrical cabinet, shake table tests have been performed in past studies [9, 10] to assess

the robustness of the electrical cabinet. During the shake table testing, the cabinet is

not directly mounted on the table but is instead attached via an additional channel and

base plate. These mounting structures are assumed to be rigid and expected to have

no e�ect on the test results, even though they are not present in actual nuclear power

plants. Therefore, it is important to evaluate the e�ect of these mounting structures on

the seismic fragility of electrical cabinets, as their presence could potentially alter the .

behavior and the associated margin assessments.

This research addresses the e�ect of the uncertainties associated with the material

properties and �nite element modeling on the simulation-based seismic fragility curves

of piping systems and electrical cabinets. However, accurately determining the fragility

values using the conventional method requires conducting multiple time history analyses

at various Peak Ground Accelerations (PGA), which makes the process of developing the

seismic fragility curves computationally intensive. As an alternative to the conventional

methodology for developing the seismic fragility curve, a Bayesian framework is commonly

used as it can reduce the computational e�ort signi�cantly. Therefore, this research

presents a Bayesian framework-based novel methodology to develop the seismic fragility

curve of structural and nonstructural components.

I.2 Background

I.2.1 Seismic Fragility Analysis

The seismic fragility denoted asPf j� (� ), gives the conditional probability of exceeding a

speci�c limit state G(� ) under a given earthquake intensity� , such as PGA or spectral

acceleration. The mathematical representation of seismic fragility can be expressed as

3



follows:

Pf j� (� ) = P[G(� ) < 0 j � ]

G(� ) = C � D
(I.1)

where,G(� ) is governed by the selection of random variables associated with the

material properties, model parameters, and loading characteristics. It is usually de�ned

in terms of two variables, the structure's capacity (C) and demand (D).

The demand can be represented through a range of metrics, including maximum

shear, bending moment, axial forces, overturning moment, displacement, velocity,

acceleration, drift ratio, ductility, and energy dissipation within the system. Meanwhile,

the capacity signi�es the maximum force, acceleration, displacement, and stress that the

structure can endure without reaching a particular limit state. The demand for a given

earthquake intensity � , is governed by parameters such as the ground motion time

history, damping, soil-structure interaction, material properties, material constitutive

models, etc.

The conventional analysis method [11] of developing seismic fragility is based on

multiple time-history analyses. The time history analyses are performed at di�erent levels

of ground motion intensities� 1, � 2, � 3,...,� k . Upon extracting the results of the time

history analyses, the seismic fragility curve can be computed using Eq. (IV.2).

Pf j� (� ) = P[G(:) < 0j � ] =
1
nj

n jX

i =1

I [G(:) < 0j � j ]; j = 1; :::; k (I.2)

where,nj represents the total number of simulations at a PGA level,� j . I is the

indicator function.
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In most practices, a fragility function is expressed using the cumulative lognormal

distribution function given by Eq. (IV.3).

Pf j� (� ) = �

0

@
ln

�
�

am

�
+ � U � � 1(Q)

� R

1

A (I.3)

where,am is the median capacity. The con�dence interval of the seismic fragility

curve is determined by choosing corresponding Q values (Q = 0.5 for median fragility, Q =

0.95 for 95% con�dence, Q = 0.05 for 5% con�dence). While the coe�cient of uncertainty

� U represents the uncertainty in estimating the median capacity of the fragility curve,

the coe�cient of randomness� R represents the inherent variability of an earthquake's

time history and the material properties such as strength, damping, etc.

As conducting NLTHA of many structural and non-structural components (SSCs)

is computationally expensive, the Safety factor method [12� 15] employs a simpli�ed

approach to estimate lognormal fragility parametersam ; � R ; � U . The details of the EPRI

methodology are elaborated in the following section.

I.2.2 Safety factor method

The EPRI methodology [12] of developing seismic fragility is based on the use of safety

factors. In this approach, the acceleration median capacity (am ) is expressed as the product

of the PGA of design basis earthquake (� Design) and various safety margin factors (Fi ),

which account for conservatism and uncertainty in the design parameters.

am = (� Fi ) � � Design (I.4)

Broadly, Fi is a function of the capacity factor (C) and the structural response

factor (RS). These two factors can be further divided into many sub-factors to incorporate
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the e�ects of strength, inelastic absorption, model response, soil-structure interaction,

model combination, earthquake component combination, etc.

F = FC � FRS

� R =
q X

� i
R

2; � U =
q X

� i
U

2
(I.5)

As per EPRI methodology, the strength or the capacity factor is determined

following Eq. (IV.6).

FC =
C � DNS

DS + � CS
(I.6)

whereC is the median capacity,DNS is the concurrent non-seismic demand, and

DS and � CS are the seismic demand due to horizontal and vertical action, respectively.

I.2.3 Bayesian framework to update seismic fragility curve

I.2.4 Bayesian Inference

The seismic fragility of SSCs for a given earthquake intensity measure,� , is de�ned as

Pf j� (� ) = f (� ; � ), where � = [ � 1; : : : ; � p]> represents a collection of random variables

in�uencing the model. For instance, in the context of a lognormal fragility model,�

might take the form � = [ am ; � R ; � U ]> . The prior knowledge about these parameters,

f � (� 1; : : : ; � p), combines expert judgment with existing data, forming a �prior� distribution.

Upon acquiring new datay = [ y1; : : : ; ym ]> from experiments or simulations, Bayes'

theorem updates this prior into a �posterior� distribution, f � jy (� 1; : : : ; � pjy ), as follows:

f � jy (� 1; : : : ; � pjy ) =
L (� 1; : : : ; � pjy )f � (� 1; : : : ; � p)

f (y )
(I.7)
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Here,L (� 1; : : : ; � pjy ) denotes the likelihood function, indicating the probability of

observingy given the parameters� , and f (y ) represents the marginal likelihood, serving

as a normalizing constant.

The seismic fragility considering a 2-parameter lognormal distribution is detailed

by:

Pf j� (� ; am ; � R) = �
�

ln(� ) � ln(am )
� R

�
; (I.8)

wheream and � R symbolize the median acceleration capacity and the logarithmic

standard deviation, respectively, accounting for aleatory uncertainty.

I.2.5 Prior Distribution

The prior information about parametersam and � R can be based on the current state

of knowledge, such as the EPRI methodology or previous fragility analyses of similar

structures. According to the EPRI methodology, the prior distribution foram is de�ned

using Equation (I.9).

am � LN(âm ; � U ) (I.9)

where, âm is the median capacity obtained from the safety factor method;� U is

the combined epistemic uncertainty, re�ecting the uncertainty in the estimate of̂am ; �̂ R

is the combined aleatory uncertainty.

I.2.6 Likelihood Function

The likelihood function, essential for Bayesian updating, is constructed based on observed

fragility data y , representing failuresr i out of ni trials at speci�c PGA levels � i . Assuming
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independence across di�erent PGA levels, the likelihood for observingy given am and � R

is modeled as a product of binomial probabilities:

L (am ; � R jy ) /
kY

i =1

�
Pf j� (� i jam ; � R)

� r i
�
1 � Pf j� (� i jam ; � R)

� n i � r i ; (I.10)

wherek denotes the number of distinct PGA levels tested.

I.2.7 Posterior Distribution

Combining the prior distribution with the likelihood function via Bayes' theorem yields

the posterior distribution f � jy (am ; � R jy ) of the parameters.

f � jy (am ; � R jy ) / f � (am ; � R) � L (am ; � R jy ): (I.11)

However, numerically evaluating the proportionality constants in Eq. (I.10) and

Eq. (I.11) can present signi�cant challenges due to the complex integrations required.

Consequently, the likelihood functionL (am ; � R jy ) and the posterior density function

f 0
� (~a; � r ) are frequently determined using specialized computational sampling algorithms.

Gibbs sampling and Metropolis�Hastings's (MH) sampling methods are often

used to make inferences about the posterior distribution. Gibbs sampling begins with

an initial value for the parameter vector, and each iteration consists of a sequence of

updates from the full conditional distribution of each parameter. Since all the sampling

is performed conditionally on the previous iteration's value, the samples form a speci�c

stochastic process called a Markov chain, hence the name Markov chain Monte Carlo

(MCMC) sampling. This chain must be followed until it converges. Once the chain starts

converging, all the previous samples (known as burn-in samples) are discarded. After the

burn-in, the distributions of samples generated by the Gibbs sampling algorithm converge
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to the posterior and do not get stuck in one place.

MH sampling replaces draws from the exact full conditional distribution with draws

from a candidate distribution followed by an accept/reject step. However, the candidate

cannot be blindly accepted because the candidate distribution may not be related to the

posterior distribution. Therefore, the candidate is accepted with aminf 1; Rg probability,

where R is the acceptance ratio. The acceptance ratioR depends on the ratio of the

posteriors of the candidate and current values. The MH sampling includes selecting and

tuning a candidate distribution for each parameter. A random-walk Gaussian candidate

distribution is a common choice for proposal distribution. The bene�t of the Gaussian

candidate distribution is that it can be used for any continuous parameter, even for those

without a Gaussian prior. Moreover, the Gaussian candidate distribution does not require

knowledge about the form of the posterior. Theoretically, Gibbs and Metropolis�Hasting

sampling should converge for all initial values, but the choice of initial values is important

in practice.

I.3 Research Objectives and Framework

I.3.1 Characterization of Cyclic Behavior of Piping T-Joint Connections

Numerous past investigations [5, 16� 22], both experimental and simulation-based, have

explored the behavior of piping joints when subjected to static and dynamic loading

conditions. However, none of these existing studies consider uncertainties in the

nonlinear moment-curvature relationship of a piping joint. Quantifying uncertainties

associated with the nonlinear moment-curvature relation is essential for reliable and

robust seismic fragility assessment. Our research aims to bridge this gap by quantifying

the uncertainties associated with the material parameters of a piping T-joint, which

eventually a�ects the nonlinear moment-curvature relation of a piping joint. Building

upon this uncertainty quanti�cation, we evaluate these material parameters' impact on
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the performance function. This evaluation sheds light on the critical material parameters

a�ecting the seismic fragility assessment. Furthermore, incorporating uncertainty in

material parameters re�ects the potential scatter in the structural responses due to

material variability, enabling better decision-making in design, retro�tting, and risk

assessment. More speci�cally, the objectives of the proposed research are outlined below.

ˆ Perform uncertainty quanti�cation of the nonlinear moment-rotation models of

piping joints for seismic fragility analysis.

ˆ Experimentally validate a performance function based on �low-cycle fatigue� and

analyze the e�ect of uncertainty in the nonlinear material models on this function.

To achieve the objectives, we propose the following tasks:

ˆ Develop a non-linear simulation model combining a mechanics-based formulation

of the backbone curve with the Pinching4 model [23].

ˆ Validate the performance function with experimental results, focusing on �low-cycle

fatigue.�

ˆ Assess the impact of material parameter uncertainties on the performance function

for cyclic loading.

I.3.2 Fragility Analysis of Electrical Cabinets in Nuclear Power Plants

Electrical cabinets play an important role in continued operation of a nuclear power

plant as they house essential equipment, including acceleration-sensitive relays. However,

when exposed to seismic vibrations, these cabinets face challenges, often leading to an

initial malfunction known as �contact chatter.� Contact chatter refers to the undesired

discontinuity or continuity of electrical �ow at relay contacts for a short duration. For

most applications, relaychatter up to a 2-millisecond duration has been acceptable.

Unfortunately, a signi�cant number of relay groups reach this chatter threshold even at

relatively low vibration levels. In addition to contact chatter, electrical cabinets can
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experience a speci�c malfunction related to their main and auxiliary contacts, referred

to as a �change of state.� The main contact controls the �ow of electricity to the motor,

determining whether it should be energized or de-energized. Meanwhile, the auxiliary

contact serves auxiliary functions such as signaling and control. However, due to

change-of-state malfunctions, both the main and auxiliary contacts may fail to activate

or deactivate the load as intended. For example, the motor starter might unexpectedly

or sporadically activate the load without receiving the proper command. Conversely, the

main contact might fail to change state as instructed during any operation. Furthermore,

strong seismic vibrations resulting from seismic ground motion can lead to major

structural failures in electrical cabinets, such as frame member breakage and base

connection failures. Recognizing the severe consequences of these failures, previous

researchers have conducted experimental and simulation-based investigations [24� 27] to

gain insights into the dynamic behavior of electrical cabinets under seismic conditions.

The term �failure� indicates changes in equipment performance that can adversely a�ect

both functionality and structural integrity. However, existing studies have yet to explore

the in�uence of boundary conditions at the cabinet base on these failure modes, which is

a critical aspect to consider. To �ll this research gap, examining the e�ect of di�erent

boundary conditions at the cabinet base on the seismic fragility assessment is essential,

encompassing all three critical failure modes mentioned earlier. Moreover, resilience is a

key aspect of studying disaster performance as a post-event performance metric and a

fundamental criterion for designing resilient structures, infrastructure systems, and

equipment. Therefore, this research also aims to quantify the resilience of electrical

cabinets under di�erent boundary conditions. More speci�cally the objectives of the

proposed research are outlined below:

ˆ Investigating the in�uence of diverse boundary conditions at the cabinet base on

seismic fragility assessment.

ˆ Quantifying uncertainties associated with cabinet response to seismic ground motion
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due to di�erent boundary conditions.

The speci�c tasks for this research includes:

ˆ Consider di�erent modeling alternatives for the cabinet base to characterize rocking

behavior under seismic motion.

ˆ Develop seismic fragility curves for electrical cabinets with di�erent base conditions

using an FE model.

ˆ Estimate uncertainty and quantify resilience for di�erent base conditions.

I.3.3 A Methodological Approach to Update Seismic Fragility Curve Using

Bayesian Inference

In the seismic risk analysis of nuclear power plants, it is essential to determine the

seismic fragility of reinforced concrete structures and components, considering various

damage states and failure modes. The accurate evaluation of fragilities, ideally based on

experimental results, plays a crucial role. However, conducting experimental evaluations

of fragility curves is cost intensive. As a result, the numerical simulation approach using

experimentally validated high-�delity �nite element (FE) models is commonly adopted

method.Incremental dynamic analysis (IDA) is one of the widely used conventional

methods for developing fragility curves. It relies on numerical simulation and maximum

likelihood estimation methods in seismic fragility curve development [11]. However, IDA

requires a substantial number of dynamic analyses, which can be computationally

intensive and time-consuming.To address these challenges, this research presents a novel

Bayesian framework, integrating the EPRI's safety factor method and high-�delity

nonlinear simulations. While the concept of using Bayesian Inference in reducing the

number of nonlinear simulations has been studied in the past, it has not been possible to

implement it in a practical application because there is no guidance on selecting a range

of intensity measure for conducting the limited number of nonlinear analyses within a
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Bayesian framework. Lack of such an approach creates a practical challenge of �rst

conducting several computationally intensive analyses to even determine the appropriate

range of intensity measure. Therefore, the objectives of the proposed research are

outlined below

ˆ Develop a computationally e�cient Bayesian framework with the integration of

EPRI methodology and non-linear simulations.

ˆ Develop a methodology to determine the range of intensity measure for conducting

the limited number of nonlinear analyses within a Bayesian framework.

ˆ Minimize the number of nonlinear seismic analyses required for fragility evaluation.

The tasks for this research include:

ˆ Developing an FE model of a concrete shear wall using the Concrete Damage

Plasticity (CDP) model.

ˆ Develop an idealized Single Degree of Freedom System (SDOF) model based on the

most critical component of the structure.

ˆ Determine the accurate range of intensity measure values necessary for developing a

seismic fragility curve through a reduced number of nonlinear time-history analyses.

I.4 Organization

This dissertation consists of a total of �ve parts. The �rst part provides an introduction

to the problem being studied and a discussion of the objectives of this research. Part

two presents the characterization of the cyclic behavior of piping T-joint connections.

The third part of this dissertation focuses on the fragility analyses of electrical cabinets

in nuclear power plants. The fourth part presents a methodological approach to update

seismic fragility curves using Bayesian inference. Finally, part �ve presents a summary

and conclusions of the research and recommendations for future work.
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PART II

Characterization of Cyclic Behavior of Piping T-Joint

Connections
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II.1 Introduction

The impact of earthquakes on non-structural components, such as piping systems, in

nuclear power plants and hospitals has been observed to cause operational disruptions

and �nancial losses. A breach or leakage in the piping system or its components in a

nuclear power plant can result in the loss of coolant circulation, thereby increasing the

risk of a nuclear accident. The damage caused by broken pipes at joint locations in

hospital buildings during seismic events, such as the 1994 Northridge earthquake and

the 1971 San Fernando earthquake, emphasizes the importance of ensuring the proper

functioning of piping systems during earthquakes [1� 4]. For instance, after the 1994

Northridge earthquake, the available intensive care unit beds in Los Angeles County

hospitals dropped to a mere 11.4%, and around 915 patients had to be evacuated due

to internal �ooding caused by a piping system malfunction. Furthermore, non-structural

components such as equipment and piping constitute a signi�cant portion of the total

cost associated with the construction of an infrastructure facility.

Observations from the past piping failures highlight that such failures occur

primarily at the location of joints in a piping system. The typical joints that exhibit

failures include T-joints, elbows, and nozzles. Therefore, researchers have conducted

experimental studies in the recent decades to evaluate the integrity of the joints in

piping systems. These studies [5� 8] include shake table experiments of piping

components, static and dynamic tests, and full-scale piping experimental tests. Some

studies Sandhu et al.[28, 29, 30] focus on numerical simulations along with arti�cial

intelligence solutions to determine degradation in the pipe joints. Antaki and Guzy[5]

perform static and dynamic tests on �re protection piping systems in which they identify

the failure modes, leakage limits, and rupture limits of grooved couplings and threaded

joints. In another study, Maragakis et al. [6] conduct shake table experiments on

cable-braced and unbraced welded hospital piping, which reveals that cable-braced
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systems signi�cantly reduce displacement responses while acceleration responses remain

una�ected by the addition of braces. Badillo-Almaraz[7] presents results from full-scale

experiments to assess the fragility of suspended ceiling systems (SCS). Goodwin et al.

[8] provide observations from dynamic tests on the braced welded and threaded hospital

piping systems. The results of this study demonstrate that the braced welded piping

systems exhibit no leakage under seismic loading, while the braced threaded piping

systems sustains signi�cant damage. Based on the experiments conducted by Ryu et al.

[31] on the 1-inch diameter piping specimen with a threaded �ange, it has been

established that the inelasticity is con�ned to the threaded connection, while the piping

section remains elastic. The experimental investigations by Tian and Filiatrault[17]

demonstrate that the threaded T-joints in piping systems exhibit signi�cant

non-linearities. These experimental observations also highlight the importance of

characterizing the moment-curvature responses of piping joints under cyclic loading,

which depends on the material characteristics in both elastic and plastic regions.

Previously, several simulation-based studies [32� 34] have used the experimental

results on the piping connections to develop a component-level simulation model. However,

the applicability of experimental data for simulation models is restricted to speci�c pipe

wall thicknesses and diameters, thereby hindering the extension of simulation models

to other piping connections with varying geometrical characteristics. To overcome the

limitation of using a speci�c set of experimental results, Dubey et al.[35]use a closed-form

moment-curvature equation formulated by Gupta et al.[36] to develop a component-level

simulation model. The results from Dubey et al.[35] show that the moment-curvature

relationship of piping T-joint connection is a�ected by the material characteristics of

piping. Therefore, it is essential to accurately quantify the uncertainties associated with

material properties when conducting fragility assessments of piping systems. Recently,

Gibbs et al. [37] use non-destructive testing methods to quantify uncertainties associated

with the piping characteristics such as average wall thickness, hardness, yield strength,
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and ultimate strength. However, none of these existing studies consider uncertainties in

the nonlinear moment-curvature relationship of a piping joint.

In addition to the moment-curvature responses of piping connections, a reliable

fragility estimation of piping systems requires proper characterization of failure or

leakages at joint locations. Prior studies [17, 18, 32, 33] employ ASME's �twice the

elastic slope� criterion to de�ne failure in T-joints. This criterion determines the limiting

values of rotation based on the responses of T-joint connections under monotonic

loading. However, the performance function that characterizes failure or leakage at a

joint location only in terms of a limit value of rotation is too simplistic as it does not

take into account the cyclic nature of loading. Gilmore and J.O.[38] highlights the

signi�cance of considering the number of loading cycles and cumulative plastic

deformation in a performance function characterizing a failure state associated with

large strain and low cycle conditions. Recently, Dubey et al.[34] conduct a

simulation-based study to establish a new performance function based on the concept of

�low-cycle fatigue,� which considers the cumulative plastic deformation during cyclic

loading. However, the new performance function developed by Dubey et al.[34] has not

been experimentally validated by any studies so far.

This manuscript investigates the behavior of piping T-joint connections having

hinge boundary conditions under constant amplitude cyclic loading. One of the

objectives of this research is to propose a systematic framework for quantifying the

uncertainties in material characteristics that a�ect the fragility assessment of piping

systems. Additionally, this manuscript also presents the experimental validation of the

�low-cycle fatigue� based performance function developed by Dubey et al.[34], and the

e�ect of uncertainties in material properties on the performance function, which de�nes

the failure state of a piping joint. The manuscript is organized as follows: Section III.3

presents the experimental setup description. Section III.4 describes the non-linear
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simulation model of the T-joint component. The procedure of uncertainty quanti�cation

of material parameters is presented in section Section II.4. The experimental validation

of the �low-cycle fatigue� performance function is described in Section III.5.4.

Section II.6 presents the e�ect of material uncertainty on the performance function.

Finally, the summary and conclusions of this research are presented in Section IV.6.

II.2 Description of Experimental Set-Up

The proposed framework for uncertainty quanti�cation is based on the reconciliation of

simulated and experimental results of piping T-joint components. Moreover, to

experimentally validate the �Low-cycle fatigue� performance function, we have

conducted laboratory experiments on multiple piping T-joint components with hinge

boundary conditions. These tests use carbon pipes (KS D 3507 SPP) with a thickness of

3:3mm and an exterior diameter of34mm. Figure III.4 shows the test set-up for

determining the moment-rotation relationships of the threaded T-joint connection under

cyclic loading conditions.

(a) T-Joint component (b) Hinge boundary condition

Figure II.1: Experimental test-setup

As seen in Figure III.4, the ends of the pipes connected to the �ange of the
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T-Joint are simply supported. During the experiments, in-plane loadings of constant

amplitude are applied for 10 cycles along the web of the T-joint component. The loading

amplitudes used in the experiments are15mm, 17mm, 18mm, 19mm, and 20mm. The

experimental results of the moment-rotation responses at the T-joint connection are

presented in Figure II.2. The moment-rotation plots are plotted until the occurrence of

the �rst leakage as shown in Figure II.2. From the experimental results, it is observed that

as the loading amplitude increases, the number of loading cycles required to cause the

leakage at the T-Joint connection decreases. However, for the15mm loading amplitude

case, no leakage is detected at the T-Joint connection. This is likely due to the number

of loading cycles being insu�cient for low-cycle fatigue failure to occur.
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(a) 15 mm loading amplitude

(b) 17 mm loading amplitude (c) 18 mm loading amplitude

(d) 19 mm loading amplitude (e) 20 mm loading amplitude

Figure II.2: Experimental Moment-Rotation plot on T-joint

II.3 Nonlinear Simulation Model of T-joint

In order to understand the nonlinear behavior of the T-joint, �rst a simulation model of

the piping T-joint component is developed and subjected to the same cyclic loading used

in the experiments. Figure II.3 shows the schematic of the nonlinear T-joint component

developed and used in the simulation model.
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Figure II.3: Schematic of the T-joint component

For modeling the piping branches on either side of the T-joint connection, elastic

beam elements are used, whereas the nonlinear springs are connected to either side of

the T-joint to simulate the responses of the T-joint connection. Based on the success of

past studies [32� 35, 39] on piping systems, the �Pinching4� model [23], as implemented

in OpenSees software is used to characterize the nonlinear springs attached on either

side of the T-joint connections. In the �Pinching4� model, a backbone curve as shown

in Figure II.4 is needed to be de�ned using a total of eight points. Four of these points,

PP 1, PP 2,PP 3, and PP 4 correspond to the moments under the positive loading direction,

and the remaining four points,PN 1, PN 2, PN 3, and PN 4 correspond to the moments under

the negative loading direction. Dubey et al.[35] show that the simulation results are

sensitive to the locations ofPP 1, PP 2, PN 1, and PN 2 on the backbone curve, whereas the

results remain insensitive due to changes in the location ofPP 3, PP 4, PN 3, and PN 4 on

the backbone curve.
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Figure II.4: Backbone curve used in Pinching4 model

Recently, Dubey et al. [35] use the closed-form moment-curvature equation

developed by Gupta et al.[36] to de�ne the backbone curve used in the �Pinching4�

model. The closed-form moment-curvature expression considers a straight pipe of

thicknesst, and mean radiusR, which is subjected to an applied momentM as shown in

Figure II.5. � is the curvature developed due to the applied moment,M .

Figure II.5: Pipe subjected to pure bending

Depending upon the applied moment, the pipe cross-section can have three di�erent
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states of stress, as shown in Figure II.6. In Figure II.6,� y is the angle measured from the

horizontal to the elastic-plastic boundary surface,Sy is the yield stress,y is the distance

of a particular stressed �ber from the neutral axis, and� z is the bending stress developed

due to the applied moment.

Figure II.6: Stress distribution across the pipe depending on the applied moment

Moreover, the closed-form expression for the moment-curvature relation involves

two more material characteristics namely Young's modulus,E, and the strain hardening

parameter, � which speci�es the ratio of post-yield to initial elastic tangent. In this

research, we use the same closed-form expression, shown in Eq. (II.1), to de�ne the

backbone curve. The backbone curve developed using Eq. (II.1) is bi-linear, as shown in

Figure II.4.

M = 4tR2

�
Sy

2 sin� y

�
� y �

sin 2� y

2

�
+ Sy(1 � � ) cos� y +

R�E�
4

(� � 2� y + sin � y)
�

� y = �R sin� y

� y = sin � 1

�
� y

�R

�
(II.1)

Using the material and the geometrical parameters of the T-joint component used

in the experiment, the simulated responses of the T-joint component are compared with
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corresponding experimental results. Figure II.7 illustrates one such comparison for the

19mm loading amplitude. The simulated moment-rotation plot of the T-joint component

shown in Figure II.7 is developed utilizing the mean values of the material parameters

used in the experiment. However, employing the mean values of material parameters used

in the experiment does not ensure the proper reconciliation of the experimental and the

simulated plot.

Figure II.7: Comparison of experimental and simulation result for19 mm amplitude

Additionally, the experimentally obtained moment-rotation plot shown in

Figure II.7 demonstrates a more curved plot compared to the simulated one. This

discrepancy is due to slippage that occurs during the experiment, as depicted in

Figure II.8. Since the non-linear simulation model employs a bi-linear backbone curve,

the simulation response cannot replicate the slippage that occurs during the experiment.
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Figure II.8: Slippage in experimental moment-rotation plot

The backbone curve of the �Pinching4� model used to develop the simulated

moment-rotation response is a function of the material properties of the piping component.

Therefore, any changes in material properties can alter the simulated moment-rotation plot

shown in Figure II.7. For illustration, the e�ects of Young's modulus (E), yield stress (Sy)

and the strain hardening parameter (� ) on the backbone curve are shown in Figure II.9,

where these parameter values are changed by� 20% from the experimentally obtained

mean values. Additionally, the simulated moment-rotation responses are also a�ected by

one more parameter namely �Unloading Sti�ness Degradation (ku)� which speci�es the

sti�ness degradation of the moment-rotation curve during unloading. Figure II.10 shows

the e�ect of the unloading sti�ness degradation parameter on the simulated moment-

rotation curve
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Figure II.9: E�ect of material properties on backbone curve

Figure II.10: E�ect of unloading sti�ness degradation parameter

Figure II.9 and Figure II.10 illustrate the importance of quantifying uncertainties

associated with the material properties for evaluating reliable simulated responses, which
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eventually a�ect the fragility assessment of the piping system. The following section

presents a systematic approach for uncertainty quanti�cation of the material properties

of the piping T-joint component to better reconcile the simulation model with the

experimental response.

II.4 Uncertainty quanti�cation of material model parameters

The proposed methodology of quantifying the uncertainties associated with the material

parameters is based on reconciling the experimental and simulation results of the

moment-rotation responses of the piping T-joint component. For proper reconciliation of

experimental and simulation results, we have chosen two criteria namely, the orientation

criterion and the area criterion to quantify the material uncertainty. The orientation

criterion seeks to minimize the di�erence in orientation between the experimental and

simulated moment-rotation plots (Figure II.11a), whereas the area criterion aims to

minimize the di�erence in the area enclosed by the experimental and simulated plots

(Figure II.11b).

(a) Di�erent orientation (b) Di�erent area enclosed

Figure II.11: E�ect of orientation and area on reconciliation

In this research, the best estimates of material parameters� = ( E; Sy; �; k u) are

found by minimizing the loss functionL (� ) given by Eq. (II.2).
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L (� ) = � 2
o(� ) + � 2

a(� ) (II.2)

where� o and � a indicate the error in the orientation and error in the area enclosed

by the experimental and simulated plot, respectively.

The orientation error � o is calculated using Eq. (II.3), which measures the error

between four quantities displayed in Figure II.12 that control the orientation of the

moment-rotation plots.

� 2
o(� ) = � 2

M max
(� ) + � 2

� max
(� ) + � 2

M min
(� ) + � 2

� min
(� ) (II.3)

where� M max , � � max , � M min and � � min indicate the error in the maximum moment,

maximum rotation, minimum moment, and minimum rotation between the experimental

and simulated moment-rotation plots, respectively.

Figure II.12: Maximum and minimum values of the moment-rotation

The area enclosed error� a is calculated using Eq. (II.4), which measures the
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di�erence in the total area enclosed by the experimental and simulated moment-rotation

plots.

� a(� ) =
I

exp
M (�; � )d� �

I

sim
M (�; � )d� (II.4)

II.4.1 Proposed Methodology

In the proposed methodology, the orientation criterion takes precedence over the area

criterion in the optimization of the loss function L (� ). This is because, as shown in

Figure II.11, the maximum rotational response of the joint connection is more a�ected

by the orientation of the moment-rotation plot than by its area. The required steps for

quantifying the uncertainty in material model parameters,� , and obtaining their best

estimates are described below:

Step #1: Obtain the initial estimates of material model parameters

� 0 = ( E0; Sy0; � 0; ku0) by using the �rst loading cycle of the experimental

moment-rotation plots (Figure II.2) for each amplitude case.

Step #2: Conduct a sensitivity analysis of the material model parameters with respect

to the orientation error � o of the moment-rotation plot. This analysis provides insight

into which parameters should be prioritized when minimizing the discrepancy between

experimental and simulated results. In the optimization process, the parameter with the

highest sensitivity should be selected �rst, followed by the parameters with decreasing

sensitivity. The sensitivity coe�cient ( � ) of the material parameters with respect to the

orientation error � o of the moment-rotation plot can be calculated using Eq. (II.5). During

this step, the unloading sti�ness parameterku0 can be ignored, as it has no impact on

the orientation of the moment-rotation plot, as shown in Figure II.10.
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� =
Change in� o(%)
Change in� 0(%)

(II.5)

Step #3: Determine the updated values of the material parameters

� 1 = ( E1; Sy1; � 1; ku0) corresponding to the minimum orientation error� o. During this

iteration, the most sensitive parameter identi�ed in the sensitivity analysis (Step #2) is

updated �rst, while keeping all the remaining parameters at their initial values. Then,

the next most sensitive parameter is updated while keeping the remaining parameters at

their initial values and the �rst sensitive parameter at its updated value. This process is

repeated until all the parameters are updated.

Step #4: Generate random samples assuming the normal distribution for each material

parameter using the Latin Hypercube Sampling (LHS) method. While generating the

random samples, the updated values of material parameters (E1; Sy1; � 1) determined in

the previous step are assumed as mean values. The coe�cient of variation is chosen such

that � o lies within � 10%of the minimum orientation error.

These randomly generated samples of each parameter are employed in the

subsequent step to minimize the loss functionL (� ), as de�ned by Eq. (II.2), which

quanti�es the discrepancy between the experimental and simulated moment-rotation

plots.

Step #5: Develop 3D surface plots ofL (� ) as a function of material parameters (E,

Sy, and � ) based on the random samples generated in the previous step. Two material

parameters are selected for each 3D plot based on their sensitivity to� o. From the resulting

3D surface plots, the best estimate values of the material parameters corresponding to

the minimum total error are determined.

Step #6: Determine the best estimate value ofku that minimizes the area enclosed error

� a by plotting the variation of � a with respect to ku.
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II.4.2 Application Case Study

The proposed methodology is illustrated for the19mm displacement loading amplitude

case following the steps elaborated in the previous section.

Step #1: The initial estimates of material model parameters� 0 are obtained using the

�rst loading cycle of the experimental moment rotation plot shown in Figure II.13. The

obtained initial estimates of the material model parameters� 0 from Figure II.13 are

presented in Table II.1.

Figure II.13: First complete cycle of the experimental result

Table II.1: Initial estimates of Material Parameters

Material Parameter E Sy � k u

Initial Estimate 342 Gpa 143:5 Mpa 0:410 -0.44

Step #2: The sensitivity coe�cient � of the material parameters with respect to� o

is determined using Eq. (II.5), and the resulting values are given in Table II.2. The

sensitivity analysis shows thatE is the most sensitive parameter, while� is the least

sensitive parameter with respect to� o.
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Table II.2: Sensitivity coe�cient ( � ) of material model parameter to� o

Material Parameter E Sy �

� 17.26 2.0 0.65

Step #3: Based on the sensitivity analysis performed in the previous step, the material

parameters are updated to minimize the orientation error� o. In this process,E is updated

�rst while keeping Sy and � at their initial values Sy0 and � 0, respectively. Then,Sy is

updated while keepingE and � at E1 and � 0, respectively. Finally, � is updated while

keepingE and Sy at E1 and Sy1, respectively. Figure II.14 illustrates the variation of

� o with respect to E; Sy, and � . The updated material parameters corresponding to the

minimum � o are presented in Table II.3.

(a) � o vs E

(b) � o vs Sy (c) � o vs �

Figure II.14: Variation of � o with respect to the material parameters
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Table II.3: Updated estimates of Material Parameters

Material Parameter E Sy �

Updated Estimates 346:39 Gpa 144:55 Mpa 0:417

Step #4: In this step, 100 random samples of each material parameter are generated

using the LHS method. For each material parameter, the normal distribution is assumed

while generating the random samples. The mean and coe�cient of variation used in LHS

sampling for each parameter are presented in Table II.4.

Table II.4: Mean and Coe�cient of Variation for Material Parameters

Material

Parameter
Mean

Coe�cient of

Variation

E 346:39 Gpa 6 %

Sy 144:55 Mpa 6 %

� 0:417 6 %

Step #5: The random samples generated in the previous step are used to develop the

3D surface plot ofL (� ) as a function of material parameters (E, Sy, and � ). Two material

parameters are selected for each 3D plot based on their sensitivity with respect to� o

presented in Table II.2. Accordingly, Figure II.15 (a) shows the variation ofL (� ) with

respect toE and Sy. Then, the variation of L (� ) with respect to E and � is shown in

Figure II.15 (b). From Figure II.15 (a) and (b), the best estimate value ofE corresponding

to the minimum L(� ) is determined. The best estimate value ofE is used for developing

the variation of L (� ) with respect to Sy and � as shown in Figure II.15 (c). From

Figure II.15 (c), Sy and � values corresponding to the minimumL(� ) are determined.

The best estimates ofE, Sy, and � corresponding to the minimumL(� ) are presented in
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Table II.5.

(a) � total vs E and � (b) � total vs E and Sy

(c) � total vs � and Sy

Figure II.15: Variation of � total with respect to the material parameters

Table II.5: Best estimates of material parameters

Material Parameter E Sy �

Best Estimate 365:71 Gpa 136:308 Mpa 0.408

The best estimates of the material parameters presented in Table II.5 are used to develop

the optimal backbone curve shown in Figure II.16.
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Figure II.16: Backbone curve for the19 mm loading amplitude case

Step #6: The variation of the model parameterku with respect to � a is plotted in

Fig. II.17 to determine the best estimate ofku = � 0:48, which corresponds to the minimum

� a.

Figure II.17: Variation of � a with ku

The methodology is extended for all the loading amplitude cases and the best

estimate values of� corresponding to the minimumL(� ) are presented in Table II.6.
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Table II.6: Best estimate values of material parameters for all loading amplitude cases

Test no.
Loading

amplitude
(mm)

Strain
hardening
parameter

Yield stress
(Mpa)

Young's
modulus
(Gpa)

Unloading
sti�ness

degradation

Test 1 15 0.423 141.148 466.969 -0.09

Test 2 15 0.418 142.873 390.658 -0.19

Test 3 17 0.435 141.395 407.016 -0.25

Test 4 18 0.426 141.594 437.917 -0.23

Test 5 18 0.407 142.504 450.840 -0.28

Test 6 19 0.414 142.101 466.702 -0.20

Test 7 19 0.408 136.308 365.710 -0.48

Test 8 20 0.411 140.306 405.283 -0.36

Using the best estimates of� presented in Table II.6, it has been observed that

� o ranges from1:14%to 9:22%whereas,� a ranges from9:69%to 21:56%. The relatively

higher � a is due to the slippage that occurs during the experiments, as depicted in

Figure II.8, which cannot be accurately captured in the simulation. Figure II.18 compares

the experimental and the simulated moment-rotation plots for all the loading amplitudes

using the best estimates of� presented in Table II.6.
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(a) 15 mm loading amplitude

(b) 17 mm loading amplitude (c) 18 mmloading amplitude

(d) 19 mm loading amplitude (e) 20 mm loading amplitude

Figure II.18: Comparison of simulation and experimental Result

Figure II.18 illustrates that the simulated moment-rotation responses of the T-

Joint component reconcile well with the experimental results for all loading amplitude

cases. In addition to the reliable prediction of the moment-rotation responses of the piping

connections, the development of a simulation-based fragility assessment of a piping system

requires a performance function that characterizes the leakages of piping connections.

Therefore, the selection of an appropriate performance function is crucial for the accuracy

and reliability of the fragility assessment. In the following section, the experimental results
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obtained for piping T-Joint components are used to validate a performance function

proposed by a recent simulation-based study by Dubey et al. [34].

II.5 Experimental Validation of �Low-Cycle Fatigue� Performance Function

Over the past few years, various experimental and simulation studies [17, 18, 32, 33] have

been conducted to assess the seismic fragility of piping systems, with a particular focus on

T joints as the critical component of interest. Most of these studies adopt the �twice the

elastic slope� criterion, originally proposed by ASME[40], to determine the occurrence of

the �rst leakage. Figure II.19 illustrates the calculation of the �Plastic Collapse� moment,

M cl , as de�ned by ASME[40]. The M cl represents the point at which the moment-rotation

curve intersects a limit state line with an initial slope of tan� = 2tan � , measured from

the ordinate axis. The rotation corresponding to theM cl signi�es the limiting or critical

rotation value (� limit ) determined by the �twice the elastic slope� criterion. The angle�

represents the slope of the moment-rotation curve from the ordinate axis. To simplify the

calculation, we can approximate� to be 2� using the small angle approximation.

Figure II.19: ASME criteria for characterization of limit state

While the �twice the elastic slope� performance function o�ers a reasonable
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approximation of T-joint behavior in a general sense, its de�nition solely based on

monotonic rotation oversimpli�es the cyclic loading behavior. Recognizing this

limitation, a recent simulation-based study [34] investigated the nonlinear response of

T-joint piping components under cyclic loading. In this study, a new performance

function was proposed, taking into account the concept of �Low Cycle Fatigue�

[38, 41� 44], to address the shortcomings of the �twice the elastic slope� criterion. The

performance function for �Low Cycle Fatigue� is characterized by the limit stateZ

shown in Eq. (II.6) and the failure occurs when accumulated plastic rotation from cyclic

loading (
P

� cyclic
p ) exceeds the plastic rotation resulting from equivalent monotonic

loading (� monotonic
p ) or when Z < 0.

Z = � monotonic
p �

X
� cyclic

p
(II.6)

In this study, the T-joint component is subjected to constant amplitude

displacement loading. As a result, the plastic rotation remains constant within each

cycle. When approaching failure or the occurrence of the �rst leakage, the limit stateZ

de�ned in equation Eq. (II.6) can be expressed as follows:

Z : � monotonic
p � N f � cyclic

1 = 0

N f =
� monotonic

p

� cyclic
1

(II.7)

whereN f represents the number of plastic cycles leading up to the �rst leakage

and � cyclic
1 denotes the plastic rotation of the joint during the �rst cycle of cyclic loading.

Next, the results obtained from the series of experiments conducted on the T-

joint component, as described in Section III.3, are used to validate the newly developed

performance function by comparing them with simulation results. Speci�cally, the number
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of plastic cycles(N f ) and the range of rotation (� � ) leading up to the �rst leakage in

the T-joint connection are compared between the simulated and experimental results.

N f vs � � plots are generated for various loading protocols involving constant loading

amplitudes of15mm, 17mm, 18mm, 19mm, and 20mm, each applied for ten cycles. The

best estimates of the material model parameters presented in Table II.6 are used to

develop the simulated plots ofN f and � � . As indicated in Table II.6, for the 15mm,

18mm, and 19mm loading amplitudes, two tests are performed, and the average of the

best estimates from these tests are used in the simulation. For the17mm and 20mm

loading amplitudes, only one test is performed and their corresponding estimates are used

in the simulation.

In the experiments, it is observed that for all loading amplitudes except15mm,

leakages occur when the cumulative plastic rotation surpasses the plastic rotation

associated with monotonic loading. However, in the case of the15mm displacement

amplitude, no leakages occur because the cumulative plastic rotation does not exceed the

plastic rotation generated by the corresponding monotonic loading. The experimental

and simulation results for the variation ofN f with � � are depicted in Figure II.20,

demonstrating good agreement between the experimental and simulation data.

Figure II.20: Experimental veri�cation of performance function
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II.6 E�ect of Material Uncertainty on the Performance Function

The performance function used to characterize the occurrence of leakages in the piping

system depends on the maximum rotational responses of the joints. Since the material

parameters (E, Sy, and � ) of piping systems in�uence the maximum rotational responses

of the piping joints, it is important to investigate the e�ect of material uncertainties on the

performance function for the reliable prediction of leakages in a piping system. However,

the model parameterku is not considered in this uncertainty analysis as it does not have

any e�ect on the maximum rotational response of the T-joint, as shown Figure II.10.

The e�ect of E, Sy, and � on the performance function is evaluated by carrying out the

following steps:

1. The material model parameters data provided in Table II.6 correspond to carbon

pipes (KS D 3507 SPP) with a thickness of3:3mm and an exterior diameter of34mm,

considering various loading amplitudes. Since all the best estimate values are derived

for the same material, we utilize the eight sets of material model parameters data from

Table II.6 to construct the moment-rotation plots at the T-joint for all loading amplitude

cases. Consequently, a total of eight moment-rotation plots are generated for each loading

amplitude.

2. Determine N f for each generated moment-rotation plot using Eq. (II.7). Accordingly,

a set of eightN f values is calculated for each loading amplitude. The resultingN f values

are presented in Figure II.21.

41



Figure II.21: N f values for each loading amplitude

3. Finally, develop the best-�tting power plots to illustrate the variation of the mean and

con�dence interval of N f with the change in � � , as shown in Figure II.22. The power

plot is �tted based on the generalized equation proposed by past studies [34, 43� 45] for

the relationship betweenN f and � � , given by:

� � = aNf
b (II.8)

where a and b are constant.

Figure II.22 shows that the con�dence intervals widen as the loading amplitude

decreases, indicating a higher degree of uncertainty in predicting theN f as the loading

amplitude decreases.
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Figure II.22: Uncertainty in N f values

In addition to investigating the overall material uncertainties, we also analyze the

e�ect of individual material parameters on the performance function. For each loading

amplitude, we examine the impact of varying a speci�c material parameter while keeping

all other parameters constant at their respective best estimates, as presented in Table II.6.

When there are two cases available for a particular loading amplitude, we maintain the

other parameters at their average best estimate values. This approach allows us to assess

a total of eight N f values for each loading amplitude while considering the in�uence of

uncertainty in a single material parameter. Figure III.14 illustrates the e�ect of each

material parameter on the performance function. The results clearly indicate that the

modulus of elasticity (E) exhibits the highest sensitivity to the performance function, as

it signi�cantly a�ects the rotational response of the T-joint in a piping system.
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(a) E�ect of E on the performance function

(b) E�ect of Sy on the performance function

(c) E�ect of � on the performance function

Figure II.23: E�ect of material parameters on performance function
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II.7 Summary and Conclusion

This manuscript presents a comprehensive investigation into the behavior of a T-joint

component in a piping system subjected to cyclic loading with a hinge boundary

condition. The study combines laboratory tests and non-linear simulations to develop a

systematic methodology for quantifying uncertainties in the material characteristics of

the T-joint. The uncertainties in material characteristics are quanti�ed by minimizing

the discrepancies between experimental and simulated moment-rotation plots, using two

criteria: orientation and area. Experimental validation of a recently developed

performance function based on the concept of � low-cycle fatigue� is also presented using

the results of laboratory tests conducted on the T-joint component. The performance

function proves its e�ectiveness in accurately characterizing leakages in piping joints.

Furthermore, the manuscript investigates the in�uence of uncertainties in material

parameters on the performance function, which is crucial for accurately predicting

failures or leakages in piping connections. The key conclusions of this research are

summarized below:

ˆ The �Pinching4� model is appropriate for characterizing the non-linear behavior of

the piping T-joint as the simulated moment-rotation responses using this model

reconcile well with the experimental results.

ˆ Both the orientation and area criteria must be considered for the proper

quanti�cation of the uncertainties associated with the material properties of the

piping system.

ˆ The experimental validation of the performance function based on the �low-cycle

fatigue� concept proves its ability to properly characterize the leakages in piping

joints.

ˆ As the displacement loading amplitude decreases, there is a higher uncertainty in

predicting the rotational responses of joints in a piping system
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ˆ E is the most sensitive material parameter to the �low-cycle fatigue� based

performance function as it has the highest e�ect on the rotational response of the

T-joint of a piping system.
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PART III

Fragility Analysis of Electrical Cabinets in Nuclear

Power Plant
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III.1 Introduction

In a nuclear power plant, the electrical cabinets and control panels are critical equipment

for maintaining the safety of the plant during seismic events as they house essential

equipment, including acceleration-sensitive relays. To assure the safe shutdown of the

nuclear power plant, it is important for the electrical instruments located inside a cabinet

to operate as intended. However, when the cabinets are subjected to seismic loads, it can

lead to an initial malfunction known as �contact chatter� [46]. The �contact chatter� refers

to the undesired discontinuity or continuity of electrical �ow at relay contacts for a short

duration. A chatter up to a 2-millisecond duration has been considered as acceptable.

Unfortunately, a signi�cant number of relay groups reach this chatter threshold even at

relatively low vibration levels. In addition to �contact chatter,� electrical cabinets can

experience a speci�c malfunction related to their main and auxiliary contacts, referred to

as a �change of state� [46]. The main contact controls the �ow of electricity to the motor,

determining whether it should be energized or de-energized. Meanwhile, the auxiliary

contact serves auxiliary functions such as signaling and control. However, due to �change-

of-state� malfunctions, both the main and auxiliary contacts may fail to activate or

deactivate the load as intended. For example, the motor starter might unexpectedly or

sporadically activate the load without receiving the proper command. Conversely, the

main contact might fail to change the state as instructed. Furthermore, strong vibrations

in electrical cabinets resulting from seismic ground motion can lead to major structural

failures, such as frame member breakage and base connection failures. The term �failure�

indicates changes in equipment performance that can adversely a�ect functionality and

structural integrity.

Recognizing the severe consequences of these failures, previous researchers have

conducted experimental and simulation-based investigations [10, 25, 26, 47� 53] to gain

insights into the dynamic behavior of electrical cabinets under seismic ground motion. A
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robust seismic quali�cation of cabinets is typically conducted by shake table testing [9, 10].

Moreover, shake table testing is a customary practice for assessing relays' reliability before

deployment in nuclear power plants [54]. In addition, detailed analysis or testing can also

be used to generate the in-cabinet response spectra (ICRS). The ICRS shows the dynamic

response of the cabinet at various locations where the electrical instruments are located

[53]. The electrical instruments are considered to be seismically quali�ed if the ICRS lies

below the capacity of the instruments inside the cabinet. Performing shake table tests for

every electrical cabinet in the nuclear power plant is both time and cost-intensive [53].

An alternative is to perform a �nite element (FE) analysis of the cabinet. To validate

the FE model, the reconciliation of the experimental result with the FE analysis result is

necessary.

Past studies [24, 52, 55] on the FE analysis of electrical cabinets have shown that

the most signi�cant mode of deformation in the cabinet can either be a pure rocking

mode or a global rocking mode combined with the local bending mode of the panel.

The dynamic behavior of the cabinet in rocking mode is primarily dependent on the

rocking sti�ness of the cabinet [25]. Variations in the mounting arrangements at the base

signi�cantly a�ect the rocking sti�ness of the cabinet, which eventually plays a vital role

in the dynamic behavior of the cabinet. Gupta et al.[24] developed a new methodology

to evaluate the dynamic properties of cabinet and ICRS using the Ritz vector approach.

Their study states that the seismic behavior of cabinets is primarily dominated by a few

and often one signi�cant mode. To incorporate the rocking mode of the cabinet in this

methodology, Yang et al.[25] develop closed-form equations for determining the rocking

sti�ness of a cabinet. The study shows the variation in the rocking sti�ness of cabinets

with di�erent types of cabinet bases and mounting arrangements. Furthermore, Gupta

et al. [9] employ the shake table test data of a switchgear cabinet where the sine sweeps

and random earthquakes are used as input. The test with sine sweep input showed two

global modes in each orthogonal direction, whereas the test with random earthquake
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input showed only one predominant mode in both directions. Finite element analyses

are performed to investigate the reasons for the existence of di�erent modes in the same

cabinet. Upon reconciliation of the test result with the FE result, it is observed that two

signi�cant global modes of the cabinet corresponding to the sine sweep input collapse into

a single global mode when the earthquake ground motion is used as input. The reason for

this collapse is related to the nonlinearities present in thecabinet mounting arrangement.

Past studies [56, 57] have shown during the earthquake excitation, the rigidity

of the base and the mounting arrangement changes due to the yielding or tearing of

the base plate and anchor bolts, which eventually a�ects the dynamic behavior of the

cabinet signi�cantly. However, existing studies have not explored the in�uence of changes

in boundary conditions at the cabinet base on the seismic fragility of a cabinet. Bridging

this void in research necessitates a comprehensive examination of the varying boundary

conditions at the cabinet base, encompassing all three di�erent failure modes mentioned

earlier, in order to gain insight into their in�uence on the seismic fragility of a cabinet.

This research investigates the e�ect of the rigidity of a cabinet base under seismic

base excitation. A detailed FE model of a cabinet with a tubular base used for the shake

table test is modeled and the nonlinear time history analysis of the cabinet is carried out.

During the experiment, the cabinet is not directly mounted on the shake table. Instead,

an additional channel and a baseplate are used to mount the cabinet during the test, even

though they are not present in the actual nuclear power plant. These additional structural

components are typically considered to be very rigid and it is assumed that they have

no in�uence on the test results. Finally, upon reconciliation of FE analysis with the test

result, the validated FE model is used to investigate how di�erent base conditions of the

cabinet in�uence the seismic fragility for various failure modes. Additionally, an attempt

is made to quantify the uncertainties associated with the cabinet's response to ground

motion during an earthquake.
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The manuscript is organized as follows: Section III.2 describes the behavior of

�xed and �exible base electrical cabinet. Section III.3 presents the experimental setup

description. Section III.4 describes the �nite element modeling of an electrical cabinet. The

procedure of fragility estimation of the electrical cabinet is presented in Section III.5. The

comparisons of the fragility curve and uncertainty parameters are described in Section III.6.

Section III.7 discusses the e�ect of uncertainty associated with the capacity estimation of

electrical cabinets on the seismic fragility curves. Finally, the summary and conclusions

of this research are presented in Section IV.6.

III.2 Behavior of �xed and �exible base electrical cabinet

When subjected to seismic excitation, the behavior or response of the electrical cabinet

is a�ected by the rigidity of the cabinet base. The base acts as a �xed restraint for the

�xed base cabinet, resulting in the absence of uplifting. Figure III.1 shows the schematic

of the electrical cabinet having �xed base.

Figure III.1: Schematic of �xed base cabinet

For the �exible base cabinet, the system will experience an uplift if the overturning

moment about edges caused by inertial e�ects exceeds the restoring moment due to

gravitational loads. Figure III.2 show the schematic of the electrical cabinet having �exible
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bases.

Figure III.2: Schematic of �exible base cabinet

As shown in Figure III.1 and Figure III.2, the cabinet is modeled as a structural

frame element of heighth joined to a massless rigid base of width2w. Figure III.1 and

Figure III.2 show that the frame element with �exural rigidity EI represents the body

of the cabinet. The mass distribution is not lumped but is applied using the consistent

mass method. For visual simplicity, mass distribution for Figure III.1 and Figure III.2 is

generalized by the variablem� . The derivation of the equation of motion for both �xed

and �exible base cabinets is presented in the following subsections.

III.2.1 Fixed Base electrical cabinet

In the case of a �xed base electrical cabinet under seismic excitation, both edges of the

base remain in compressive contact with the �oor, and the system acts as a �xed base

Multiple Degrees of Freedom (MDOF) oscillator with horizontal translational Degree Of

Freedom (DOF)u and rotational DOF � at the top of the cabinet. The equation of motion

is derived by assembling the frame element mass and sti�ness properties and directly

eliminating the restrained degrees of freedom. The mass distribution is determined using

the consistent mass formulation. The damping matrix is determined by Rayleigh damping,
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whereby the �rst two fundamental modes of vibration are set to a constant damping ratio

� . The equation of motion can be written as follows:

[M ]f •U(t)g + [ C]f _U(t)g + [ K ]f U(t)g = f F (t)g (III.1)

where

f U(t)g =

2

6
4
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� (t)

3

7
5 ; (III.2)
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5 : (III.4)

The nodal load vector is

f F (t)g = � [M ]

2

6
4

1

0

3

7
5 •ug(t); (III.5)

The vertical base reaction forces for the absence of uplift contact condition are as follows:

RS(t) =
1
2

mg �
3EI
wh2

u(t) �
EI
wh

� (t); (III.6)

RS1 (t) =
1
2

mg +
3EI
wh2

u(t) +
EI
wh

� (t): (III.7)

III.2.2 Flexible Base electrical cabinet

As illustrated in Figure III.2 , to account for uplift in the case of a �exible base cabinet

under seismic excitation, nonlinear springs are implemented at both ends of the cabinet

base. These springs exhibit in�nite sti�ness in compression and a �nite sti�ness, denoted by
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K s, in tension. Uplift deformation is characterized by three degrees of freedom: horizontal

translational DOF u, rotational DOF � 1 at the top of the cabinet, and rigid body rotation

� 2 at the base. Activation of tension in the corresponding spring occurs when one edge of

the base uplifts. Consequently, the system behaves as an MDOF system with the degrees

of freedom being horizontal translation DOFu, rotational DOF � 1 at the top of the cabinet,

and rigid body rotation � 2 at the base. The equation of motion is derived by integrating

the frame, spring, and rigid link elements and by eliminating the restrained degrees of

freedom. Mass distribution follows the consistent mass formulation. The damping matrix

is ascertained through Rayleigh damping, setting the �rst two fundamental modes of

vibration to a constant damping ratio � . The equation of motion can be expressed as:

[M ]f •U(t)g + [ C]f _U(t)g + [ K ]f U(t)g = f F (t)g; (III.8)

where
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The total nodal load vector is de�ned as:

f F (t)g = f FEQ (t)g + f FDL g; (III.12)

where the e�ective nodal load vector from base excitation is:

f FEQ (t)g = � [M ]

2
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6
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•ug(t); (III.13)

and the dead load vector for uplift at edgeS is:

f FDL g =

2
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; (III.14)

and for uplift at edge S1:

f FDL g =

2
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5

: (III.15)

The vertical base reaction forces for the presence of uplift contact condition at edgeS

are:

RS(t) = 2 wK s� 2(t); (III.16)

RS1 (t) = � 2wK s� 2(t) + mg: (III.17)

For the presence of uplift contact condition at edgeS1, the forces are:

RS(t) = 2 wK s� 2(t) + mg; (III.18)

RS1 (t) = � 2wK s� 2(t): (III.19)
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The system undergoes uplift if the overturning moment around edgesS1 or S

induced by inertial e�ects surpasses the restoring moment generated by gravitational

forces. During the analysis, the uplift condition is discerned by the direction of the two

vertical reaction forces,RS(t) and RS1 (t), exerted at each edge of the equipment's base. In

the absence of uplift, both vertical reaction forces are directed upwards. Uplift commences

when either reaction force inverts its direction and acts downwards, that is,

RS(t) < 0 and RS1 (t) � 0 ! uplift at edge S initiated ; (III.20)

RS(t) � 0 and RS1 (t) < 0 ! uplift at edge S1 initiated : (III.21)

When the uplifted edge re-establishes contact with the ground, an impact occurs.

This impact is represented as a perfectly inelastic collision, where there is no rebound of

the base upon impact. Both vertical and rotational velocities are entirely dissipated upon

the re-establishment of contact. The initiation of contact is determined by the direction

of the vertical reaction force acting at the corresponding edge of the equipment base.

Contact is considered re-established when:

RS � 0 after uplift at edge S; (III.22)

RS1 � 0 after uplift at edge S1: (III.23)

Since the behavior of the electrical cabinet under seismic base excitation depends

on the �exibility of the cabinet base, as demonstrated by the above discussion, it is

important to understand how the �exibility of the cabinet's base a�ects the seismic

fragility assessment of the electrical cabinet. In the following sections of this manuscript,
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we use an experimentally validated FE model to investigate the e�ect of the �exibility of

the cabinet base on the seismic fragility curve of the electrical cabinet.

III.3 Description of Experimental Set-Up

In 2018, Innose Tech of Korea performed multiple shake table tests of an electrical cabinet

used in a nuclear power plant. The cabinet used in the test is equipped with three

accelerometers (G1, G2, and G3) placed at various positions to measure and record the

acceleration time history response. The input acceleration time history is applied as

loading along the side-to-side direction (X-direction) of the electrical cabinet, and the

responses at the accelerometer locations are measured in the same side-to-side direction.

The schematic diagram of the electrical cabinet used in the shake table test is illustrated

in Figure III.3. As shown in this �gure, these accelerometers are installed at di�erent

heights or levels of the cabinet.

Figure III.3: Accelerometers mounted on test cabinet

The test cabinet's dimensions are800mm (width), 750mm (depth), and 2100mm

(height). The main frame comprises six vertical members with a tubular cross-section.

These vertical members are welded to the horizontal members at the top and base of the

cabinet, forming a rectangular shape. Additionally, the cabinet includes internal frame
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members connected by bolts, four shelves, and two doors reinforced with sti�eners. The

base of the test cabinet consists of a rectangular frame with four members made of square

tubular sections. The tubular base is linked to an additional channel section connected

to a base plate. Finally, the base plate is connected to the shake table using 16 anchor

bolts. The test set-up of the electrical cabinet is depicted in Figure III.4.

Figure III.4: Experimental Set-UP

III.4 Finite Element Modeling of Electrical Cabinet

This research uses FE software ABAQUS [58] to model the electrical cabinet used in

the shake table test. The main frame and internal frame of the cabinet are represented

using 2-noded linear beam elements. The wall, door panels, and tubular base are modeled

using 4-noded doubly curved shell elements. All six degrees of freedom are constrained

for welded connections, while for bolted connections, three translation and two rotational

degrees of freedom are constrained. The cabinet doors are connected with hinges and

hooks to rotating and opposite edges, respectively. The hinges are constrained in �ve

degrees of freedom, with the sixth degree of freedom allowed to rotate freely about the

door hinge. The hooks, which lock the door, are constrained in all six degrees of freedom.

The tubular frame at the base of the cabinet has six holes at the top and bottom of the

tube for mounting the channel section using bolt connections. These twelve holes are
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constrained in three translations and two rotational degrees of freedom. However, these

boundary conditions alone are insu�cient to accurately capture the interaction between

the tubular base and the channel section because of the unrealistic overlapping during

the rocking motion of the cabinet.

Herve [26] investigates the nonlinear characteristics of the linkage between the

cabinet and the �oor. Their study encompasses a spring-mass-damper system with a

1mm gap in accordance with EPRI[59] guidelines. However, in contradiction to the

recommendations by Herve[26], the presence of a gap associated with the rocking behavior

of a cabinet results in zero tensile force. Therefore, the �compression-only� nonlinear

springs at the corners of the tubular base are connected to the corners of the top of the

channel section. This additional boundary condition restricts the tubular base and the

added channel from overlapping.

Similarly, modeling the interaction between the channel section and the base plate

requires careful consideration. In the experiment, the channel section and the base plate

are welded at the outer perimeter of the base of the channel section. The base plate is

connected to the shake table through 16 anchor bolts. In the FE model, line constraints

are de�ned for all six degrees of freedom at the welding locations, while the base plate

is constrained in �ve degrees of freedom at each of the 16 bolt locations. However, these

constraints are insu�cient to prevent overlapping between the de�ected channel and base

plate, as the base plate can deform randomly due to its restraint at multiple locations.

Since the base plate can deform randomly as it is restrained at 16 locations, de�ning

compression-only nonlinear springs between the channel and base plate at a few locations

cannot guarantee any overlapping of both structures. Hence, a surface interaction is

de�ned between the surface of the base of the channel section and the top of the base

plate using the penalty-based friction method, with a friction coe�cient of 0.3. This

method ensures no overlap between the structures, and the forces are transferred using
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a spring-damper model. Even after providing these constraints, the base plate can still

de�ect below the �oor level and give unrealistic deformation. Therefore, an additional

rigid plate is added below the base plate to avoid such undesirable deformation. The

added rigid plate is constrained at 16 bolt locations with the base plate. Finally, a surface

interaction is de�ned between the base plate and the rigid plate to restrict the base plate

from de�ecting downwards and keep it free to de�ect upwards.

Each element in the cabinet model is assigned the material properties of steel, with

Young's modulus of209 862:31MPa and a Poisson's ratio of 0.285. The plastic behavior

of the steel material is de�ned using a bi-linear stress-strain curve that considers the yield

strength of 345MPa and the ultimate strength of 450MPa. Considering the sizes and

expected deformations of the cabinet's structural components, the mesh sizes in the FE

model of the cabinet range from 50 to250mm. Since larger distortions are anticipated

near the bolt locations, the base of the cabinet is �nely meshed compared to the rest of

the cabinet.

The FE models of the cabinet developed in this study have nonlinear components

as nonlinear �compression-only springs� are attached at the base of the cabinet to prevent

it from deforming below the �oor level. Additionally, the plastic behavior of the steel is also

assigned to the material properties of the electrical cabinet. Therefore, it is necessary to

perform a nonlinear FE analysis to consider the nonlinear spring and material nonlinearity.

The nonlinear time history analysis is performed using the direct integration method to

solve the system's equations of motion. Hilber-Hughes-Taylor (HHT) time integration is

used to solve the equation of motion, which is an extension of the Newmark beta time

integration method. Rayleigh damping is implemented with a damping ratio of 2%. The

nonlinear time history analysis is performed on the cabinet models for a total duration

of 57.5 seconds, with a time step of 0.001 seconds. The elements within the models are

meshed in a manner that ensures the locations of accelerometers coincide with the nodes
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of the mesh. Extracting the time history data from these nodes after the analysis allows

a direct comparison between the simulation and test results.

As mentioned in Section III.3 of this manuscript, the acceleration responses at the

accelerometer locations during the testing phase are recorded in the side-to-side direction

of the electrical cabinet. In order to validate the accuracy of the FE model for the electrical

cabinet, the corresponding acceleration responses at the accelerometer locations from the

FE analysis are also recorded in the side-to-side direction.The acceleration response time

history data obtained from the FE model at the sensor locations are utilized to generate

response spectrum curves. These curves present the maximum response of a single degree

of freedom system at various frequencies, considering the in�uence of earthquake ground

motion. They serve as a convenient visualization tool for comparing the test and FE

analysis results. Figures III.5 presents the comparison between the responses obtained

from the FE analysis and the test results. The �gures demonstrate that the FE model

accurately captures both the frequency and amplitude of the peak response. Furthermore,

the FE analysis results exhibit a favorable agreement for all response values across di�erent

frequencies.
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(a) Response spectrum comparison at G1

(b) Response spectrum comparison at G2 (c) Response spectrum comparison at G3

Figure III.5: Reconciliation of experimental and FE analysis result

III.5 Fragility Estimation of Electrical Cabinet

This section of the manuscript presents the seismic vulnerability analysis of the electrical

cabinets by employing the method of Seismic Probabilistic Risk Assessment (SPRA) [60].

An essential component of SPRA is the fragility curve, which represents the probability

of exceeding a particular limit state for a given earthquake intensity.

Fragility = P[C < D jIM ] (III.24)
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Where C is capacity,D is demand (or damage level), and IM is intensity measure.

This study considers the Peak Ground Acceleration (PGA) as the Intensity measure

(IM). To estimate the demand D, we perform multiple nonlinear time-history analyses

using the experimentally validated �nite element model of the cabinet, as referenced in

Section III.4 of this manuscript. The capacityC of the cabinet is determined by leveraging

experimental results from capacity estimations outlined NUREG/CR-4659 [61].

III.5.1 Capacity Estimation (C) of Electrical Cabinet

Characterization of the seismic fragility of any structure necessitates the establishment

of well-de�ned parameters that e�ectively evaluate the structural responses.

Traditionally, engineers rely on speci�c engineering demand parameters (EDPs) as key

indicators to assess a structure's response. In this study, the Zero Period Acceleration

(ZPA) at the cabinet apex is chosen as the designated EDP in accordance with the

guidelines documented in NUREG/CR-4659 [61]. The ZPA can be described as the

acceleration response when the period of the cabinet is zero, or alternatively, it can be

interpreted as the maximum acceleration response of the cabinet. The Table III.1 shows

the capacity estimations of the cabinet, along with the coe�cient of uncertainties (� u) in

determining the capacity values. In order to develop the fragility curves, the failure

modes of the cabinet under the in�uence of earthquake ground motion are categorized

into the following three distinct and comprehensive categories.

1. Contact chatter

2. Change of State

3. Major Structural Failure

63



Table III.1: Capacity Estimations

Failure mode Capacity Coe�cient of Uncertainty (� u)

Contact Chatter 1:3 g 0.20

Change of State 1:7 g 0.17

Structural Failure 2:5 g 0.20

III.5.2 Estimation of Seismic Demand (D) of the electrical cabinet

The nonlinear time history analysis (NLTHA) is conducted to generate a dataset for

evaluating fragility curves. For this purpose, the seismic load is characterized by 11 ground

motion histories in agreement with the site-speci�c hazard. This study uses PGA as the

intensity measure (IM) for developing the seismic fragility curve of the electrical cabinet,

as it is traditionally the most used IM for the seismic fragility studies of the structure.

In accordance with the input motion direction speci�ed in the shake table experiment

section, the ground motions are applied in the side-to-side direction of the electrical

cabinet to assess the seismic demand. The 11 ground motions, which are part of the ground

motions in Seabrook (New Hampshire, United States), are selected from the PEER-NGA

EAST database to perform the nonlinear time history analysis. These earthquake ground

motions are scaled to0:5 g, 1:0 g, 1:5 g, and 2:0 g PGA values for NLTHA. Figure III.6

shows the response spectra of the input ground motions corresponding to0:2 g PGA and

2% damping.
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Figure III.6: Ground motion response spectrum

During the NLTHA process, the values of EDP are recorded at the apex of the

cabinet for each analysis. Subsequently, the classical lognormal approach is employed to

develop the seismic fragility curve for the electrical cabinet, which can be described by

the following equation.

Pf (� ) = �
�

ln �
A m

�

�
(III.25)

Where Pf is the probability of failure, � is the IM (PGA), � () is the standard normal

cumulative distribution function, Am is the median capacity and� is the lognormal

standard deviation of IM. The values ofAm and � are determined by employing Maximum

Likelihood Estimator (MLE). Assuming the IM i for each ground motion are independent

of each other, the likelihood function can be represented by the following equation

Liklihood =
nY

i =1

[P(DSjIM i )]
Pi � [1 � P(DSjIM i ))]

1� Pi (III.26)

Wheren is the number of IM levels,
Q

is the product of overall levels,p =1 or 0 depending

on whether or not the cases exceed the damage state (DS).
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III.5.3 Fragility Estimation of Flexible Base Electrical Cabinet

As discussed in the Section III.4 of this manuscript, the non-linearity between the base

tube and the channel section is considered as a nonlinear �compression-only� spring, and

the material non-linearity for the �exible-base electrical cabinet. The earthquake ground

motions are applied at the base of the rigid plate to perform nonlinear time history

analysis. Figure III.7 shows the electrical cabinet having a �exible base. Moreover, from

the modal analysis, the fundamental frequency of the electrical cabinet having a �exible

base comes out to be8:83 Hz.

Figure III.7: Electrical cabinet with �exible base

Figure III.8 shows the median fragility of the �exible-base cabinet for all three

failure modes considering ZPA as the Engineering Demand Parameter (EDP).
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Figure III.8: Fragility curve of electrical cabinet with �exible base

III.5.4 Fragility Estimation of Fixed Base Electrical Cabinet

For the �xed base of the electrical cabinet, all four corners of the base tube are �xed to

the ground, and the earthquake ground motions are applied directly at the base of the

base tube. Figure III.9 shows the electrical cabinet with a �xed base. From the modal

analysis, the fundamental frequency of the electrical cabinet having a �xed base comes

out to be 9:63 Hz.
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