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Abstract

In order to systematically advance our understanding of the minimum magnitude limit
(M,,,;,,) in the probabilistic seismic hazard analysis (PSHA) calculations, a novel and useful
approach utilising a broad range of Single-Degree-of-Freedom oscillators and hazard con-
ditions is being developed and tested. We have determined the most reasonable M, value
for a variety of structures by examining the impact of M, ;, on the mean annual frequency
(MAF) of various limit states (LSs) (including the collapse capacity). The originality of the
suggested methodology in the current work, known as the MAF saturation strategy, is the
recommended M, ;,, which is the cut-off value at which lesser magnitude events do add to
the hazard but do not significantly change the MAF. The current work is the first to offer
the MAF saturation strategy methodology, which searches for the cut-off magnitude at
which the MAF value essentially remains constant even when smaller values of this cut-off
are utilised as M,,;, for hazard assessments. Therefore, given a series of carefully chosen
ground motions in each oscillator instance, an incremental dynamic analysis is carried out
(by applying the Hunt and Fill algorithm), and the appropriate LS (including the collapse
capacity defined as global instability) points are calculated. Thus, the relationship between
the distribution of LSs and the Engineering Demand Parameter and intensity measure is
found. A simple point source hazard curve is convoluted with this distribution, yielding
the structure-specific MAF. In order to find the cut-off lower magnitude (M,,;,), this con-
volution is repeated for several M, ;, values. This cut-off is defined as the point at which,
when lower values are utilised as M,;;, in the PSHA computation, the MAF’s values do not
change considerably (with a five per cent threshold). The acquired data were thoroughly
discussed in relation to various structural features and seismic input factors. The primary
findings showed that each of the structures under consideration requires a M, ;, value in
the range of 4-4.3. Put otherwise, the suggestions seen in technical literature, which range
from 4.5 to 5, are not cautious, at least not when it comes to probabilistic structural limit
state frequency. The derived M, ;, value is mostly controlled by the natural period of the
structure and is largely unaffected by other structural characteristics like ductility, damping
ratio and overstrength factor.
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1 Introduction

PSHA is a crucial technique for determining the probability of different intensities of
ground shaking at particular sites within a specified time frame. In order to make sure
that both new and existing structures can resist potential seismic occurrences, this method
is essential for influencing the design and safety assessments of those structures. PSHA
assists engineers and decision-makers in creating efficient plans to reduce seismic hazards
and improve the resilience of infrastructure by calculating the likelihood of various degrees
of earthquake ground motion (Kramer 1996; McGuire 2004).

Integrating data on a region’s seismicity, anticipated rates of earthquake occurrence,
and possible ground shaking intensities is the fundamental idea of PSHA. Estimates of
the annual frequency of surpassing different levels of ground motion are provided by the
derived hazard curves. The creation of construction rules, the planning of vital infrastruc-
ture, and the execution of disaster readiness and response plans all depend on these hazard
curves. PSHA has developed into a key component of earthquake engineering over time,
advancing both risk management and structure design (Baker et al. 2021).

The Gutenberg-Richter (GR) law, which describes the frequency-magnitude distribution
of earthquakes, is commonly used by PSHA. The frequency of lesser and moderate earth-
quakes is well captured by this model, which depicts a linear relationship between the log-
arithm of earthquake frequency and magnitude (Gutenberg and Richter 1955). Although
the General Relativity (GR) model has been widely used and is empirically robust, it has
significant shortcomings, especially when it comes to explaining the occurrence of large,
rare earthquakes in areas with intricate fault networks (Schwartz and Coppersmith 1984;
Wesnousky 1994). To overcome these restrictions, a number of substitute models have
been put out to better represent the behaviour of huge earthquakes (Gerstenberger et al.
2020). Non-extensive statistical physics models, such as the one put forth by Sotolongo-
Costa and Posadas (2004), have been offered more recently. These models provide a more
thorough understanding of earthquake recurrence by taking into account the intricacies of
fault systems and the interconnections between various seismic events.

A crucial PSHA parameter that establishes the lower bound for earthquake magnitudes
taken into account in hazard assessments is the Minimum Magnitude (M,,;,). It restricts the
spectrum of earthquakes that are included in the evaluation, which affects the seismic haz-
ard calculation. Although minor earthquakes alone are less likely to result in major dam-
age, their combined effect can be significant in some situations, especially for structures
that are susceptible to low-intensity, frequent shaking.

M,,i, has historically been established through expert opinion, which can introduce
biases and inconsistencies (Bommer and Crowley 2017). For instance, the definition of
M,,;, frequently changes based on the kind of structures being studied and the region’s seis-
micity. M, is normally set at a level where earthquakes below this threshold are consid-
ered inconsequential for engineering purposes, as noted by Bommer and Crowley (2017).
However, the precise value of M,;,, especially for low-probability, high-consequence
events, can have a substantial impact on the predicted seismic hazard.

A number of research have shown that defining M, ;, requires a more thorough meth-
odology. Bommer and Crowley (2017), for example, stressed how crucial it is to take M ;,
into account in relation to the structural features and the seismic environment. There is not
yet a quantifiable, statistically supported approach in the literature for figuring out M.,
though. This gap is especially noticeable when considering structural performance, as not
enough research has been done on how M, affects the Mean Annual Frequency (MAF) of
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various structural limit states. In other words, the literature clearly lacks a systematic inves-
tigation, which ought to be quantitative with a statistical basis. In actuality, the definition of
M, is unaffected by the earthquake catalogue’s lower bound on completeness, the minor
magnitude used to fit recurrence relationships, the employed Ground Motion Prediction
Equation (GMPE) input variables bounds, etc. (Bommer and Crowley 2017). For a more
thorough explanation of these concepts, I refer readers to Bommer and Crowley (2017)
who precisely laid out the problem in an engineering context. However, according to Bom-
mer and Crowley (2017), M, is defined as "M, is the lower limit of integration over
earthquake magnitudes such that using a smaller value may result in higher estimate of
seismic hazard but would not alter the estimated risk to the exposure under consideration,"
which is an engineering explanation of the definition of M, ;, found in the seminal publica-
tion by Cornell (1968, p. 1586), which presented the fundamental idea of the PSHA frame-
work and defined M, ;, as: “... and m is some magnitude small enough, say 4, that events
of lesser magnitude may be ignored by engineers” (m, in Cornel’s terminology is equiva-
lent to M, ;, in the current terminology). Stated differently, it is not yet proven whether the
final risk, commonly defined as the Mean Annual Frequency (MAF) of a given LS (see
Azarbakht et al. (2015)), is significantly affected by the high acceleration caused by very
close earthquakes with small magnitudes, considering a practical still scientific threshold.
Therefore, a systematic, statistically-based method for defining M, ;, is lacking in the litera-
ture, and its influence on estimations of seismic hazard and structural performance is still
not well understood. In other words, the impact of varying definitions of M_;, on the Mean
Annual Frequency (MAF) of distinct LS has not been adequately examined in previous
studies.

Using statistical and probabilistic techniques to identify the cutoff point at which add-
ing earthquakes with lesser magnitudes has no discernible impact on hazard estimations
is a more methodical way to define M, ;,. This can be done by determining the point of
diminishing returns—the point at which further decreases in M_;, do not significantly alter
the estimated hazard—by examining how sensitive the PSHA results are to various values
of M,,;,. It is worth mentioning that the definition of MAF for a certain LS is structure-
specific since it is a convolution of hazard and structural performance (Azarbakht et al.
2015). Therefore, it is logical and practical to compute the intended PSHA specifically for
a particular structure or structure group. This approach ensures that the seismic hazard
assessment is tailored to the unique characteristics and performance requirements of the
structure in question, taking into account its specific design parameters, usage, and resil-
ience objectives. By doing so, the results can more accurately reflect the potential risks
and inform more effective engineering and safety decisions. Therefore, the MAF satura-
tion strategy, presented in the current manuscript, is one way to tackle this issue. It entails
applying several seismic situations to a variety of structural models and doing incremental
dynamic analysis. The MAF of various LS as a function of M, ;, can be used to determine
the cutoff point, over which adding events of lesser magnitude does not appreciably change
the MAF. The ideal value for M,;, in PSHA can then be determined using this threshold.
In this study, we employ structural key factors to accurately depict a wide variety of dif-
ferent structures, with a particular focus on Nuclear Power Plant (NPP) structures. NPP
structures were chosen due to their critical importance and the stringent safety require-
ments they must meet in the face of seismic events. Specifically, we consider both high-
frequency, low-ductility structures and low-frequency, variable-ductility secondary sys-
tems within NPPs. Therefore a wide variety of structural backbone curves are taken into
consideration to comprehensively evaluate the impact of M, ;, on structural performance.
The rationale behind this consideration is to capture the range of dynamic responses that
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different components of NPPs may exhibit during an earthquake, thus providing a deeper
understanding of how M, ;, influences the overall resilience and safety of these essential
facilities.

The objective of this research is to fill the highlighted void by methodically investigat-
ing the impact of M, ;, on PSHA results and structural safety. In particular, an approach for
identifying an ideal M_;, that strikes a balance between computing efficiency and hazard
estimate accuracy will be developed by the present research. By concentrating on several
structural kinds, such as low-frequency, variable-ductility secondary systems and high-fre-
quency, low-ductility structures, the study aims to develop recommendations for choosing
M,,i, that improve PSHA’s dependability for a range of engineering applications.

The current study will use both analytical and empirical methodologies to accomplish
these goals. The first step will be a thorough examination of the current M, ; definitions
and how PSHA uses them. An Incremental Dynamic Analysis (IDA) employing a wide
variety of SDOF oscillators exposed to diverse earthquake events will come next. The ideal
M,,;, is defined as the threshold beyond which lower magnitude events do not appreciably
influence the MAF of LS in the context of the MAF saturation technique. Real-world seis-
mic data and structural models will be used to validate the results, guaranteeing the validity
and applicability of the suggested methodology.

Besides, a thorough sensitivity analysis must be carried out in order to guarantee the
stability of the suggested methodology for defining M, ;.. This entails changing the M, ;,
values across a large range and analysing how the PSHA outputs change as a result. Addi-
tionally, the influence of various seismic source models, site-specific circumstances, and
ground motion prediction equations (GMPEs) should be taken into account in the sensitiv-
ity analysis. This will guarantee that the selected M,;, values are relevant to a broad vari-
ety of scenarios and help account for the inherent uncertainties and variability in seismic
hazard estimates.

The results show that the predicted ground shaking intensity is strongly affected by the
selection of M,;,, especially for low-probability, high-consequence events and structures
with distinctive response features. The suggested methodology can be used for a variety
of seismic scenarios and structural types, giving engineers and decision-makers important
information for developing and evaluating robust infrastructure.

2 Methodology

Following a three-day workshop, the Electric Power Research Institute (EPRI), in 1989,
advocated a constant value of 5 for M, ;, in the NPP industry with the goal of "establishing
a lower-bound earthquake magnitude, below which the potential for damaging to nuclear
plants is negligible". The methods utilised by EPRI (1989) can be summed up as follows:
“The objective of the workshop was to consider a broad range of issues that could provide
insight to the engineering significance of ground motion generated by small magnitude
earthquakes... it was intended to develop a strategy to select a lower-bound magnitude for
use in seismic hazard assessments. An Advisory Committee reviewed the information pre-
sented at the workshop and provided recommendations concerning the level of earthquake
magnitude that may be damaging to nuclear power plant structures and equipment and a
strategy to establish a sound basis to determine the lower bound magnitude”.

As indicated in the IAEA (2010) and other academic articles such as Musson and
Sargeant (2007), the M 5 method is a widely accepted value. However, based on the
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risk-related definition of M, this assumption has never statistically been confirmed.
Thus, taking into account the structure-specific risk of interest, the present work examines
the optimal value for M, ;, for the first time. Thus, by producing a broad range of values
for six structural variables—the basic period (T), damping ratio (), and four backbone
parameters—a huge range of SDOF oscillators are considered, as seen in Fig. 1. The jus-
tification for using SDOF models lies in their simplicity and effectiveness in capturing the
fundamental dynamic characteristics of structures. SDOF models are widely used in seis-
mic hazard analysis as well as structural engineering analysis due to their ability to pro-
vide clear insights into the primary response modes of structures without the complexity of
Multi-Degree of Freedom (MDOF) systems (see Azarbakht and Dolsek 2007, 2011). They
are particularly useful in early-stage analyses, where the focus is on understanding the
basic principles of structural response to seismic excitations. By employing SDOF models,
we can focus on the critical factors influencing structural performance, such as stiffness,
damping, and natural frequency, and how these factors interact with seismic inputs of vary-
ing magnitudes.

In Fig. 1, LS1 through LS4 stand for, in order, the onset of cracking, the yield point,
the beginning of degradation, and the ultimate collapse. As schematically can be seen in
Fig. 11 (left), the ratio of the cracking ductility, or DC/Dy, is the division between the crack-
ing initiation displacement (D) and the yielding displacement (D,); the ultimate ductility,
or D,/D,, is the ratio between the ultimate displacement (D)) and the yielding displacement
(Dy); the degradation slope, or &y, denotes the negative slope for the line connecting LS3
to LS4 when the structure degrades to the ultimate failure; and the overstrength factor, or
F/F,, is the ratio of the cracking displacement (F.) and the yielding displacement (F,).
The ten combinations of the overstrength factor and the cracking ductility are displayed
in Fig. 1 (right), indicating that this parametric backbone may mimic a broad range of
real structural behaviour. This oscillator variant reflects two types of real structures: typi-
cal ductile/low-frequency structures like secondary systems that are susceptible to shaking
from small-magnitude events, and on the other hand, extremely stiff (high frequency) and
low-ductile ones connected to NPP infrastructures. It is important to note that the SDOF
oscillators are currently described by six parameters. Later in this work, we shall examine

SDOF force
Fc/Fy

0 Dc Dy Du Df 0 0.2 04 0.6 0.8 1
SDOF deformation Dc/Dy
Fig. 1 (left) Definition of the backbone curve with controlling parameters and LS1 to LS4; (right) all differ-

ent possible combinations of the backbone curves for the ratios F/F, and D/D, between 0 and 1 (also see
Azarbakht and Amini 2018)
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Fig.2 Flowchart demonstrating the process of determining the ideal M
egy presented in this study

using the MAF saturation strat-

min

the additional six variables that reflect the hazard circumstances which are introduced in
Sect. 4.

The current study introduces the "MAF saturation strategy" methodology for the first
time. It searches for the cut-off magnitude at which the MAF remains constant (taking into
account a workable yet scientific threshold) if lower values of this cut-off are employed as
M, for the hazard estimates. In order to derive the corresponding LS (including the col-
lapse capacity defined as the global structural instability) points for each oscillator case,
an Incremental Dynamic Analysis (IDA) (Vamvatsikos and Cornell (2002)) is carried out
using the Hunt and Fill algorithm for a set of chosen ground motions [see also Azarbakht
and Dolsek (2007, 2011)]. To capture the variety in structural response, the IDA requires
exposing the structure to a set of ground motion records, each scaled to several intensity
levels. The Hunt and Fill algorithm is used for this, first doubling/tripling the intensity
measure in each trial to capture the collapse capacity point with the least trials. The capac-
ity point in an IDA curve is the final non-infinity point in an IDA curve. A predetermined
number of IDA points—20 total in this study—are computed to bridge the gap between
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the origin and the capacity point while the capacity point is being pursued. This algorithm
was selected due to its effectiveness in striking a balance between computational effort and
efficiency. Peak Ground Acceleration (PGA) as an IM is used for each individual nonlinear
response-history analysis. As will be covered in Sect. 3, the IDA curves are eventually con-
verted to the spectral acceleration IM. Thus, the distribution of LS versus Intensity Meas-
ure (IM) is obtained, and the structure-specific MAF can be determined by convolving with
the hazard curve [for further information, see Gkimprixis et al. (2019) and Azarbakht et al.
(2015)]. To get the cut-off lower magnitude (M), repeat this convolution for a range of
M,,;, values while acknowledging a reasonable engineering threshold that is still scientific.
When lower values are utilised as M, ;, in the PSHA computation, this cut-off is defined as
the MAF’s value does not vary much (with a modest supplied threshold). Consequently,
the minimum magnitude limit that needs to be considered in a comprehensive PSHA inves-
tigation is the obtained optimum M, ;, as is discussed in the following sections. The pro-
cess of calculating the optimum M, ;, based on the MAF saturation strategy for a particular
structure in a given site is illustrated in Fig. 2.

3 IDA and numerical fragility functions for a given set of SDOF
oscillators

A common method for estimating structural seismic demand and capacity is response his-
tory analysis (Katsanos et al. 2010). For the aim of performance-based earthquake engi-
neering, IDA is the most often used algorithm for numerically determining the nonlinear
response of structures (Vamvatsikos and Cornell 2002). IDA uses a detailed model of a
particular structure and, as a result, evaluates the nonlinear response history for a collec-
tion of ground motion records that are scaled to several degrees of seismic motions, rang-
ing from elastic behaviour to global instability (Vamvatsikos and Cornell 2002). The most
popular IMs are Sa(T1,5%), Spectral Acceleration at the natural period of a certain struc-
ture (T1) and 5 per cent damping ratio, PGA, Peak Ground Velocity (PGV), and so on (see
also Baker (2005); Mehanny (2009); Tothong and Luco (2007); Ebrahimian et al. (2015);
O’Reilly (2021). The relationship between the annual rate of exceedance (seismic hazard)
and the structural response is significantly influenced by IM (see Vargas-Alzate et al. 2022;
Ghafory-Ashtiany et al. 2011 and 2012; Mousavi et al. 2011). The literature contains a
number of IMs, each with potential drawbacks and some form of gain (Luco and Cornell
2007). However, because S,(T;, 5%) is the most widely used and practical IM in the litera-
ture currently accessible, it has been used throughout the current study. We acknowledge
that using other IMs is a topic worth investigating further, but we also believe this topic is
outside the purview of the current study.

In order to mimic the seismic response of reinforced concrete buildings, this work
focused on NPP infrastructures and created a seismic response database for the SDOF
oscillators. NPPs were chosen as the reference for modelling the behaviour of RC struc-
tures due to their critical importance and stringent safety requirements, which necessitate
a thorough understanding of seismic performance. NPP structures often embody high-fre-
quency, low-ductility characteristics, as well as low-frequency, variable-ductility secondary
systems, providing a comprehensive representation of different structural responses under
seismic loading. Although alternative options, such as standard residential or commercial
RC buildings, were considered, NPPs were ultimately selected because their failure con-
sequences are significantly higher, and thus their study provides more rigorous insights
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into the resilience and reliability of RC structures under extreme seismic events. This focus
ensures that the findings are applicable to a wide range of critical infrastructure, contribut-
ing to broader safety and engineering standards. To achieve this, a piecewise four-linear
backbone curve was created, as shown in Fig. 1, to resemble the static pushover curve of
the corresponding SDOF system as well as the MDOF. A typical four-linear backbone
curve, as shown in Fig. 1 (left), starts elastically up to the cracking point (LS1), yields
at D./D,=1 (LS2), is fully plastic up to D,, and then begins to degrade with a slope o
(where kj, is the elastic slope) until the zero strength. This curve represents a wide range of
conventional NPP structures. It is important to note that the considered backbone curve’s
shape is determined by four primary parameters: o, D/Dy, D,/D,, and F_/F,. Almost any
pushover curve can be fitted with the idealised curve by appropriately varying these four
parameters. However, pushover curves exhibiting highly irregular or non-standard behav-
iour due to complex interactions or highly unique structural characteristics may not fit as
accurately with the idealised curve. These exceptions typically arise in cases where struc-
tural irregularities, non-uniform material properties, or unconventional load distributions
significantly deviate from the assumptions underlying the idealised model. Therefore,
while the idealised curve is broadly applicable, it is important to recognise its limitations in
capturing the full range of possible structural behaviours.

The period (T) and damping ratio (€), the latter of which is presumed to be mass propor-
tionate, are additional structural input factors. Assumed to be constant and equal to 0.5, the
B parameter characterises the unloading stiffness of Takeda’s hysteretic rules (Takeda et al.
1970). The nonlinear hysteretic behaviour of the structures was captured using the Takeda
uniaxial material model, which accurately represents stiffness degradation, strength dete-
rioration, and pinching effects under cyclic loading. A displacement-based approach was
employed for the nonlinear analysis, utilising the Newton—Raphson iterative method and,
when necessary, alternative algorithms like Modified Newton and NewtonLineSearch to
ensure robust convergence. The structural model included an inverse pendulum consisting
of mass, elastic stiffness, critical damping ratio and the nonlinear backbone curve modelled
by one-component lumped plasticity element. Geometric nonlinearities were considered
through appropriate transformations to capture large displacements. Rayleigh damping was
implemented with specified coefficients for mass to model energy dissipation. Time inte-
gration was performed using the Newmark-beta method, ensuring numerical stability and
accuracy (Mazzoni et al. 2006).

To elaborate, the SDOF-IDA curves were computed for eleven different values of the
period (T=0.1, 0.2, 0.3, 0.4, 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2.0 s), for two different deg-
radation slopes («=—0.05 and —0.5), ten different combinations of F/F, and D/D, (refer
to Fig. 1 (right)), for seven different values of the ultimate ductility (Du/Dy) 2,3,4,5,6,
7, and 8) and three damping ratios (1, 3 and 5%). For every chosen ground motion record,
4620 SDOF-IDA curves must be calculated using all possible permutations of the stated
structural input parameter of the SDOF system. The OpenSees platform was used for all
nonlinear dynamic analyses (Mazzoni et al. 2006).

The effects of moderate-low magnitude near-earthquake events on PSHA findings have
not been extensively discussed in the existing literature. However, these events can signifi-
cantly influence seismic hazard assessments, particularly in regions with high seismicity.
Moderate-low magnitude earthquakes, while not as catastrophic as large-magnitude events,
can occur more frequently and thus contribute to the cumulative seismic risk. They may
cause considerable damage, especially to structures not designed to withstand frequent
seismic activities. For example, Bommer and Abrahamson (2006) discuss the implica-
tions of near-field ground motions, noting that even moderate-magnitude earthquakes can
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produce high-frequency shaking capable of damaging structures. Moreover, recent stud-
ies such as Rodriguez-Marek et al. (2013) highlight the importance of including moderate
earthquakes in PSHA models to ensure a more comprehensive risk assessment. Ignoring
these events could lead to an underestimation of seismic hazard, particularly in areas where
such earthquakes are common. Therefore, our study acknowledges and incorporates the
influence of moderate-low magnitude earthquakes to provide a more accurate and realistic
representation of seismic risk. Therefore, we have selected a collection of near-filed ground
motion records for SDOF analysis. As a result, 31 near-source (closest source-to-site dis-
tance, R .. less than 16 km) strike-normal ground motion components that were cap-
tured from four distinct earthquakes under forward directivity circumstances are taken into
consideration. Each ground motion was uniformly processed for the PEER Strong Ground
Motion Database after being captured on NEHRP (BSSC 1994) Sy, or S site classifica-
tions (Chiou et al. 2008). Sc site classification refers to an average shear-wave velocity to
depth of 30 m between 360 and 760 m/s while this range is between 180 and 360 m/s in the
Sp case. Table 1 provides a summary of the record attributes, while Fig. 3 displays the 5%
damped elastic response spectrum.

It is worth noting that the ground motion records used in this study have a near-fault
effect at distances less than 16 km. Near-fault ground motions are characterised by distinct
features such as forward directivity and fling step, which can significantly impact the seis-
mic response of structures (Somerville et al. 1997; Mavroeidis and Papageorgiou 2003).
These features result in strong, long-period pulses in the velocity time histories, which can
lead to higher demands on structures compared to far-field ground motions. In the context
of this study, the inclusion of near-fault ground motion records is particularly relevant for
assessing the seismic performance of SDOF oscillators. The proximity to the fault and the
associated directivity effects can amplify the response, necessitating a thorough evaluation
of these records to ensure an accurate representation of the seismic hazard for small mag-
nitudes with high amplitudes. The impact of near-fault effects on the results of this study
is twofold. Firstly, the increased amplitude and energy content in the near-fault records
can lead to higher displacement demands on the SDOF oscillators, thereby influencing the
derived fragility functions. Secondly, the variability and intensity of these records contrib-
ute to the overall uncertainty in the seismic response, highlighting the need for robust mod-
elling approaches to account for these effects. By including near-fault ground motions, the
study provides a more comprehensive assessment of the seismic risk, particularly for infra-
structures located in close proximity to active faults.

Using the Hunt and Fill tracing algorithm, the IDA analyses are carried out for all
selected SDOF oscillators for each of the ground motion records in Table 1 (Vamvatsikos
and Cornell 2002). Each of the twenty distinct points on an IDA curve is derived from a
nonlinear response history study of a specific SDOF oscillator (refer to Fig. 1). As can be
seen in Fig. 4 for a specific SDOF oscillator example, the IDA curves are first calculated
for the PGA, which is an IM. From there, they can be easily linearly transformed to any
further new linear IMs, such as the spectral acceleration at the period of the SDOF system
with a 5% damping ratio, S,(T |, 5%).

The Cumulative Distribution Function (CDF) of IMs in a given Engineering Demand
Parameter (EDP) for a specific LS is derived using a set of 31 IDA curves for a given
SDOF oscillator (see Fig. 1). In this study, the ductility demand (the division of nonlinear
displacement response over yielding displacement, D,) is simply called EDP. For instance,
Fig. 5 displays the IM empirical CDF distributions vs Sa(T;, 5%), corresponding to LS1
to LS4. For example, every LS in Fig. 1 is associated with an EDP value. Hence, all the
IDA curved are interpolated to that given EDP, and 31 corresponding Sa(T,, 5%) values
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Table 1 Near-field earthquake ground motion records

Earthquake Year M,  Station R o (km)  PGA
Location (%g)

(1) Imperial 1979 6.5  Brawley Airport 8.5 0.158
Valley

2) Same as above EC County Center FF 7.6 0.180
3) EC Meloland Overpass FF 0.5 0.378
4) El Centro Array #1 15.5 0.138
5) El Centro Array #4 4.2 0.357
©6) El Centro Array #5 1.0 0.375
7 El Centro Array #6 1.0 0.442
8) El Centro Array #7 0.6 0.462
©) El Centro Array #8 3.8 0.468
10) El Centro Array #10 8.6 0.176
11 El Centro Array #11 12.6 0.370
12) El Centro Differential Array 5.3 0.417
13) Westmorland Fire Sta 15.1 0.077
(14) Parachute Test Site 14.2 0.135
(15) 1987 6.7  El Centro Imp. Co. Cent 13.9 0.308
Superstition Hills (B)

(16) Same as above Westmorland Fire Sta 13.3 0.210
a7n Parachute Test site 0.7 0.419
(18) Loma Prieta 1989 6.9  Saratoga—W Valley Coll 13.7 0.403
(19) Northridge 1994 6.7  Canyon Country—W Lost Cany  13.0 0.466
(20) Same as above Jensen Filter Plant # 6.2 0.393
21 Newhall -Fire Sta # 7.1 0.724
22) Rinaldi Receiving Sta # 7.1 0.887
(23) Sepulveda VA # 8.9 0.722
24) Sun Valley—Roscoe Blvd 12.3 0.298
(25) Sylmar—Converter Sta # 6.2 0.594
(26) Sylmar—Converter Sta East # 6.1 0.839
27) Sylmar—Olive View Med FF # 6.4 0.733
(28) Arleta—Nordhoff Fire Sta # 9.2 0.237
(29) Newhall—W. Pico Canyon Rd 7.1 0.426
30) Pacoima Dam (downstr) # 8.0 0.499
31) Pacoima Kagel Canyon # 8.2 0.527

are obtained. These 31 Sa(T,, 5%) values have a statistical distribution i.e. empirical cumu-
lative distribution function as shown in Fig. 5. Given that the given SDOF behaviour is
substantially more nonlinear at LS3 and LS4 than it is at LS1 and LS2, the LS1 and LS2
empirical CDF distributions exhibit significantly less dispersion when compared to the
LS3 and LS4 CDF distributions. Stated otherwise, since SDOF behaviour is linear and any
ground motion record has the same structural response, the dispersion at LS1 is theoreti-
cally zero (this is not the case when an MDOF structure is picked for further investigation).
It is still in the early stages of nonlinear behaviour at LS2, and substantial levels of nonlin-
earity are anticipated in LS3 and LS4. It is also important to note that in order to compute
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MAF for a specific structure, the resulting empirical CDF distributions will be convoluted
with the hazard function in the following sections. After that, we can compare the MAF

discrepancy to the M, ;. to make more inferences.

4 PSHA calculation for a point seismic source model

We must choose from a large variety of constructions and take into account a fictitious seis-
micity scenario. To achieve this, we begin with a basic illustration of a traditional seismic
point source. Further research, however, may include a more complex seismicity model, such
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Fig.5 The empirical CDFs corresponding to different LSs are defined in Fig. 1 and the SDOF oscillator is
defined in Fig. 4

as one that incorporates a linear source, an area source, or an actual location with multiple
intricate seismic sources. Six variables are required to define this simple point source seismic-
ity: the Gutenberg and Richter (1955) constants, a=4.5 and b=1, the minimum and maxi-
mum moment magnitudes, M, and M,,,,=7.5, the (Joyner-Boore) distance, Ry,, from the
point source to the given site, and a given GMPE (see McGuire 1995, 2007 and Baker et al.
2021). Because of its great stability, the Chiou and Youngs (2014) GMPE is used in the pre-
sent work (Bommer and Stafford 2020).

Uncertainty in the hazard model arises from several sources, including the variability in
the Gutenberg-Richter parameters (a and b), the minimum and maximum magnitudes (M,,;,
and M, . ), the distance to the point source (R), and the chosen GMPE. While this study incor-
porates reasonable deterministic assumptions for these variables, the only available source of
uncertainty is the given GMPE. However, we have only used the GMPE median values in this
study. Therefore, future work could explore the impact of these uncertainties more rigorously.
For instance, variations in the a and b values can significantly alter the predicted seismicity
rates, and different GMPEs can yield different hazard estimates. Additionally, uncertainties
in site-specific parameters like Vg, and Z,, (defined in the next paragraph) also contribute to
the overall uncertainty in the hazard model. Recognising and quantifying these uncertainties is
crucial for a comprehensive PSHA.

It is important to note that for the sake of this study, the depth (D) is taken to be equivalent
to 10 km. Consequently, one can compute the rupture distance (R,,,) using the formula

ij2 + D?. The depth (D) and the depth to the top of the rupture, Z g, are the same. It is

assumed that the shear wave velocity (V) averaged over the above 30 m in m/s represents a
bedrock of 1200 m/s. Z,, the basin depth, is computed in relation to V3, (Chiou and Youngs
2014). A strike-slip fault mechanism is represented by the fault dip angle (8) of 0.9 and the
rake angle (A) of zero in degrees. The PSHA in its most general form can be written as Eq. (1).

A0) = v // Fumfs(OPLY > yim, ridmdr W
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where fy;(m) and fy(r) are the probability density functions associated with magnitude (M)
and distance (R), respectively. A(y) is the rate of occurrence of ground motions with an
IM>y. P[Y >yl m,r] is obtained using a suitable GMPE. For a given seismic source, v is
the rate of occurrence of earthquakes larger than a M,;, (v = 10©2Mnin)),

In this study, the six seismicity variables are, strictly speaking, a, b, M,.;,, M., R, and
GMPE. We have made some reasonable assumptions for these six factors for the time being.
For instance, Fig. 6 displays the outcome of the PSHA analysis for a point source located 10
kms distant from a fictitious site of interest, using the previously stated set of input param-
eters. Figure 6 (left) displays the annual probability of exceedance (assumed to be a Poisson
distribution) versus IM, while Fig. 6 (right) displays the annual frequency of exceedance. To
meet the practical needs of engineering, the horizontal axis, which represents the IM range, is
displayed between 0.001 g and 1 g. To calculate MAF, however, a larger range of IM has been
used in order to encompass the whole numerical extent of interest.

5 M, based on the proposed MAF saturation strategy

The estimation of the median threshold and the widely accepted log-normal distribution (or, in
reality, any other suitable distribution) can be used to build a fragility function, with a certain
standard deviation indicating the degree of uncertainty in damage initiation. Nonetheless, as
mentioned in Sect. 3, we have applied the experimental fragility curves based on IDA curves
in the current investigation. Thus, the MAF of exceedance of a certain LS can be used to illus-
trate the risk associated with a given structure. The CDF for the fragility curve is represented
by P in the following (see Fig. 5), and the probability of a given LS at a particular IM is indi-
cated by P(LSIim) (see Fig. 6-left). As a result, we can use Eq. (2) to calculate the MAF value
of an LS (4;¢) [also see Azarbakht et al. (2015)].

Arg = {P(LSl im)|d Ay, (im)| )
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where the hazard curve acquired via PSHA is represented by A;,,(im), and the symbol d
stands for the differentiation operator. It appears that the occurrence of earthquakes with
varying strengths may be the cause of the LS exceedance event (Cornell 2005). In other
words, when a single SDOF oscillator approaches a specific LS (LS1 to LS4 in Fig. 1),
the Sa(T,, 5%) can change for various ground motions in Table 1. For instance, in PSHA
computations, the MAF values are computed in relation to various M,;, values; the out-
comes are displayed in Fig. 7 with respect to varying site-to-source distance. It was pre-
dictable that when the site-to-source distance increases, the MAF value will decrease, as
seen in Fig. 7. On the other hand, as the site-to-source distance grows, the dispersion in
MAF values also decreases too. Put another way, the degree of dispersion increases with
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Fig.7 The MAF versus the variation of M, ;, in PSHA calculation and for different site-to-source distances.
4620 curves are plotted for all the considered SDOF oscillators
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our proximity to the spot. This demonstrates why choosing M, ;, in near-field hazard inves-
tigations is far more crucial. Despite the site-to-source distance, as shown in Fig. 7, the
ideal M,;, value seems to be closer to 4 rather than the conventional value of 5. Figure 7
shows that, when M, ;, is taken to be equal to 4 and 5, there is a significant variation in the
calculated MAF values, intuitively almost as a factor of 2-3. The results also show that the
MAF is less structure-specific when the potential seismic source has a farther distance (e.g.
100 km) when compared to the nearer distance (e.g. O or 5 km). This shows that MAF is
highly structure-specific in near-field seismic sources and gets less structure-specific when
the seismic sources get farther.

6 Discussion on the obtained results

Figure 7 illustrates how, although at varying amplitudes, the MAF value for every SDOF
oscillator essentially follows the same form. As stated otherwise, the curves begin to
decline beyond the magnitude equal to 4, while the MAF value is intuitively constant
before then. The ideal M,;, values, based on the MAF saturation technique, are displayed
versus six structural characteristics as seen in Fig. 8. According to intuition, the natural
period of a certain structure is the single factor that determines the optimal M, (Fig. 8
bottom-left). For high-frequency structures, the ideal M, ;, ranges below 4.2, while for low-
frequency structures, it increases to 4.3. However, the widely accepted assumption of 5
is not supported in this instance and should be modified in the literature that is currently
accessible, particularly when the seismic hazard is intended to be applied to low-period
structures, such as NPPs.

In addition, as Fig. 9 illustrates, the relationship between the MAF value at R=0 km
and the MAF value at R=100 km is tracked against the other six structural factors in order
to provide more context for this phenomenon. As Fig. 9 (bottom-left) illustrates intuitively,
the crucial parameter in this behaviour is the natural period of the SDOF oscillator. Fur-
thermore, for a given T in Fig. 9 (bottom-left), there is very little variation in the responses
of the various oscillators. Put differently, about the same MAF ratio is produced by many
oscillators with the same T value. We infer that the primary control factor for both the
MAF itself and the M, ;, optimal value is the oscillator’s natural period of vibration. For
this reason, we suggest using Eq. (3) to determine M, ;, in PSHA research, with the struc-
tural period of interest being the basis for this calculation.

4 T<0.1
41 01<T<04
M_min = 3)
41 04<T<05
43 05<T

We tested an oscillator, the same as the oscillator in Fig. 4, under two different condi-
tions: first, by implementing M =4 as the optimum value, and second, by implementing
M =S5 as an arbitrary (or, more accurately, based on the common choice in the literature)
value. This allowed us to better understand the significance of the optimum M, ;, val-
ues. The hazard curves are computed for four situations, as shown in Fig. 10 (top-left),
where R=0 km in combinations with M =4 and 5, and R=100 km in combinations
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Fig.8 The optimum M, ;, values, based on the MAF saturation strategy, and versus six structural param-
eters. Each subplot for 4620 SDOF oscillators shows 4620 points with various colours, some of which are

identical

with M =4 and 5. This figure illustrates how, depending on the two M, that are used,
each hazard curve splits into two branches when it reaches the low IM values. To accu-
rately reflect this difference, we have employed refined IM intervals in this area. The
fragility curve for the specified SDOF oscillator (as in Fig. 4) corresponding to LS4 is
shown in Fig. 10 (top-right). In the case of R=0 km and R=100 km, the MAF fluc-
tuations versus Sa(T1, 5%) are displayed in the bottom-left and bottom-right figures,
respectively. The MAF for this structure varies depending on whether the M, ;, value is
4 or 5, as can be shown in Fig. 10 bottom-left and bottom-right. The MAF values are
listed at the top of each figure in each case; however, we have defined the error as given
in Eq. (4) in order to more clearly show the error extent.
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MAF(M = 5) — MAF(M = 4)

E =1
rror = 100 X MAF(I = 5) 4)

Figure 11 displays the computed inaccuracy against the SDOF oscillator natural
period of vibration and for various site-to-source distances. As seen in Fig. 11, this
inaccuracy, which ranges from 20 to 120 per cent and is mostly a function of the natural
period. The inaccuracy decreases with increasing T in the near-field, which is defined
as the site-to-source distance of less than 20 km. For longer distances, the inaccuracy
grows with increasing the natural period until a certain point, approximately T=0.75 s.
Future research will focus on this tendency, which is primarily dependent on the used
GMPE.
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Fig. 10 (Top-left): The hazard curves for R=0 and 100 km for tow M,,;, values of 4 and 5; (top-right): the
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Sa(T1, 5%) in the case of R=0 km; (bottom-right): MAF versus Sa(T1, 5%) in the case of R=100 k

7 Conclusions

The PSHA computation takes a wide range of M, ;, into account to investigate how they
affect the MAF values for a variety of SDOF structures. To this end, 31 near-field ground
motion records and the structure response in all possible IM ranges have been recorded
using IDA. Structure-specific MAF values are then determined by quantitatively deriving
the fragility curve for a certain LS from IDA curves and combining it with hazard cures.
The findings showed that in order to precisely capture the MAF of interest, the M,;, value
between 4 and 4.3 must be taken into consideration. Put differently, there could be a sub-
stantial difference in the MAF values (up to around 120 per cent inaccuracy) if a value
of 5 is used in the PSHA computation. This finding contradicts the commonly accepted
M,,;»=5 for NPP infrastructures. Furthermore, it is demonstrated that the optimal M, ;.
value is a direct function of the natural period of the oscillator rather than a significant
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Fig. 11 The error value, based on Eq. (4), versus the natural period of oscillation and for different site-to
source distance

function of the other structural features. In general, smaller M ;, values must be taken into
account for the stiffer structures. Additionally, utilising bigger M, ;. numbers (instead of
the ideal/optimum M, ;, value) introduces a level of error depending on the natural period
of the structure. It is important to note that all of the conclusions were derived using pre-
sumptions from this study and should not be automatically generalised to other scenar-
ios. In particular, it is necessary to look into the impact of additional seismic conditions,
such as a genuine site with multiple seismic faults. Another area that needs attention is the
uncertainty in the various PSHA aspects. The focus of the current study is on SDOF oscil-
lators; however, MDOF structures with a large contribution from higher modes are still
accessible for exploration.
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