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Abstract

Amplitude, frequency content, and duration are widely recognized as the key char-
acteristics of earthquake ground motions that influence structural response. Yet, in
current structural design and assessment practice, ground motions are often explic-
itly characterized by just their pseudo acceleration response spectra—which quantify
their amplitude and frequency content—while duration is commonly relegated to im-
plicit, qualitative consideration. This study evaluates the need to explicitly consider
duration, in addition to response spectra, in structural design and assessment.

The influence of duration on structural collapse capacity is investigated by nu-
merically simulating the response of structures under short and long duration ground
motions. Realistic nonlinear structural models that incorporate the in-cycle and cyclic
deterioration of the strength and stiffness of structural components, and the destabi-
lizing P −∆ effect of gravity loads, are employed to successfully detect the effect of
duration. Long duration ground motions from recent large magnitude earthquakes,
like the 2008 Wenchuan (China, MW 7.9), 2010 Maule (Chile, MW 8.8), and 2011 To-
hoku (Japan, MW 9.0) earthquakes, are used in the analyses. The effect of response
spectral shape is controlled for by selecting sets of short and long duration ground
motions with similar response spectra, and by employing appropriate statistical tools
to post-process the analysis results. Significant duration, Ds, is identified as the
duration metric best suited for use in structural design and assessment, since it is
amenable to incorporation in a vector intensity measure alongside the response spec-
trum, and is an efficient predictor of structural collapse capacity. Response spectral
shape and duration are together shown to be capable of explaining around 80% to
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85% of the variance in the collapse intensities of ground motions used to analyze
51 reinforced concrete moment frame buildings. Response spectral shape or dura-
tion alone, are capable of explaining a significantly smaller fraction of the variance in
the collapse intensities. This highlights the need to explicitly consider both response
spectra and duration in structural design and assessment, and indicates that the
additional consideration of other ground motion characteristics is likely to produce
diminishing returns.

A procedure based on the generalized conditional intensity measure (GCIM) frame-
work is developed to compute source-specific conditional probability distributions of
the durations of the ground motions anticipated at a site. Commonly used ground
motion databases—like the PEER NGA-West2 database—are currently dominated by
short duration ground motions, since many more low and moderate magnitude earth-
quakes (6.0 < MW < 7.5) have been recorded in recent history than large magnitude
interface earthquakes (MW ∼ 9.0). Selecting records from the PEER NGA-West2
database without explicitly considering duration is, therefore, shown to result in the
unconservative underestimation of structural collapse risk at sites located near active
subduction zones, that are susceptible to long duration ground motions from large
magnitude interface earthquakes. For example, selecting records from the PEER
NGA-West2 database to explicitly match only conditional spectrum targets, and not
duration targets, is shown underestimate the mean annual frequency of collapse of
an eight-story reinforced concrete moment frame building by 29% when located in
Seattle (Washington) and 59% when located in Eugene (Oregon). A relatively small
influence of duration is observed at San Francisco (California), which is likely to expe-
rience short to moderate duration ground motions from shallow crustal earthquakes.
The prevalent practice of implicitly accounting for duration using causal parameters
like rupture mechanism, earthquake magnitude, source-to-site distance, and site Vs30,
is shown to result in the selection of records that poorly match conditional spectrum
and duration targets, thereby producing biased collapse risk estimates.

Strategies are proposed to explicitly consider duration, in addition to response
spectral shape, in the analysis procedures contained in the following standards for
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structural performance assessment and design: (i) the FEMA P-58 seismic perfor-
mance assessment methodology; (ii) the FEMA P695 methodology to quantify seismic
performance factors; and (iii) the ASCE 7-16 seismic design provisions. The effect
of duration is incorporated in multiple stripe analysis (MSA) by selecting records to
match duration targets, in addition to conditional spectrum targets, at each intensity
level. A structural reliability framework incorporating response spectral shape (quan-
tified by a scalar parameter called SaRatio) and duration (quantified by Ds), is de-
veloped to compute a hazard-consistent collapse fragility curve by post-processing the
results of an incremental dynamic analysis (IDA) conducted using a generic record set.
The procedure first involves defining a failure surface by fitting a multiple linear re-
gression model to the computed ground motion collapse intensities using SaRatio and
Ds as predictors. The probability of collapse at an intensity level is then computed
by integrating the site-specific target distributions of SaRatio and Ds conditional
on that intensity level, over the failure domain. A simplified method is additionally
developed to efficiently compute just the hazard-consistent median collapse capacity.

The effects of response spectral shape and duration are incorporated in ASCE
7-16’s equivalent lateral force procedure by developing site and structural system-
specific adjustment factors for the design base shear. These adjustment factors are
computed based on the site-specific conditional median SaRatio and Ds targets and
the sensitivity of the structure to the effects of response spectral shape and duration.
The use of these adjustment factors ensures a more uniform distribution of struc-
tural collapse risk over different geographical regions, and between different struc-
tural systems. Sample calculations indicate that a 1 s reinforced concrete moment
frame building in San Francisco would need to be designed to a base shear that is
43% higher than the value used in current practice to maintain parity with a similar
structure designed at a reference site, chosen here to be Los Angeles (California). A
similar structure in Eugene would need to be designed to a base shear that is 67%
higher. ASCE 7-16’s nonlinear response history analysis procedure requires analyz-
ing structures at the risk-target maximum considered earthquake (MCER) intensity
level, at which a significant effect of duration on peak story drift ratio is unlikely to be
observed. Hence, the imposed acceptance criteria are unlikely to reliably capture the
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effect of duration. It is, therefore, recommended that the selected records be scaled
to an MCER level modified by a duration adjustment factor, analogous to the one
developed for the equivalent lateral load procedure.

The explicit central difference time integration scheme is proposed as a robust and
efficient alternative to commonly used implicit schemes, like the Newmark average
acceleration scheme, which often suffer from numerical non-convergence issues when
used to simulate the dynamic response of nonlinear structural models, especially when
simulating response under long duration ground motions. Its robustness stems from
its non-iterative nature, while its efficiency is a consequence of the requirement to
factorize a linear combination of only the mass and damping matrices at each time
step. The use of a constant damping matrix, therefore, ensures that the matrix fac-
torization needs to be performed just once for the entire analysis. It is shown to be
more efficient than implicit schemes when conducting IDA in parallel, despite the
limit on the maximum time step imposed by its stability criterion. Its benefits are
believed to outweigh a few additional steps involved during model creation, including
the assignment of mass to all degrees of freedom. Finally, efficient parallel algorithms
are developed to conduct MSA and IDA on multi-core computers and distributed par-
allel clusters, to enable the use of these otherwise computationally intensive analysis
techniques in research and practice.
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Chapter 1

Introduction

1.1 Background and motivation

1.1.1 Motivation to study the influence of duration on struc-

tural response

The widespread deployment of strong motion recording stations over the last few
decades in high seismic regions around the world, has made a large number of ground
motions recorded from recent earthquakes available for use in structural engineer-
ing practice and research. As postulated by Gutenberg and Richter (1944), however,
lower magnitude crustal earthquakes have occurred much more frequently than larger
magnitude subduction earthquakes within this time frame. As a result, commonly
used record sets like the FEMA P695 far-field set (FEMA 2009b, Appendix A) and
the PEER Transportation sets (Baker et al. 2011, Chapter 3); and ground motion
databases like the PEER NGA-West2 database (Ancheta et al. 2014), are dominated
by relatively short duration ground motions recorded from low and moderate magni-
tude (6.0 < MW < 7.5) shallow crustal earthquakes. This is evident from Figure 1.1,
where the 5–75% significant durations (Trifunac and Brady 1975), Ds5−75, of the
records in these sets and intense records from the PEER NGA-West2 database are
compared to the durations of ground motions anticipated in Seattle from an interface

1
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Figure 1.1: Comparison of the 5–75% significant durations, Ds5−75, of the ground mo-
tions in commonly used record sets, and intense ground motions in the PEER NGA-West2
database, to the target Ds5−75 distribution corresponding to interface earthquakes, condi-

tional on the 2% in 50 year exceedance probability of Sa(1 s) at Seattle.

earthquake in the Cascadia subduction zone (the computation of target conditional
distributions of ground motion duration is described in Chapters 4 and 5). The
reliance on these short duration ground motions when formulating seismic design
provisions, in conjunction with an emphasis on the seismic hazard in coastal Califor-
nia, which is controlled by such low and moderate magnitude crustal earthquakes, has
likely introduced a short duration bias in our seismic design philosophy. Such a short
duration bias could potentially permit the development of new structural designs that
possess lower margins of safety against collapse than intended, in sites located near
active subduction zones (e.g., the US Pacific Northwest, Mexico, Chile, Japan), which
are susceptible to long duration ground motions. The distinction being made here
between short and long duration ground motions is illustrated in Figure 1.2.

The predominant use of cyclic loading protocols for component testing, that at-
tempt to simulate the response of structures under short duration ground motions
produced by low and moderate magnitude earthquakes, is a prime example of the
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Figure 1.2: Map of the extents of the fault ruptures and representative ground motions
produced by three prominent historical earthquakes in Western USA. The area of the Cas-
cadia subduction zone that ruptured during the 1700 Cascadia earthquake was obtained
from Satake et al. (2003); the depicted extent of the rupture along the San Andreas fault
from the 1906 San Francisco earthquake was obtained from Wald et al. (1993) and Thatcher
et al. (1997). Since recorded ground motions from the 1700 Cascadia (MW ≈ 9.0) and 1906
San Francisco (MW ≈ 7.9) earthquakes are not available, typical ground motions recorded
from other earthquakes of comparable magnitude, viz., the 2011 Tohoku (Japan, MW 9.0)
and 2008 Wenchuan (China,MW 7.9) earthquakes respectively, are shown instead. The por-
tions of the accelerograms shaded in black are the intervals used to compute their 5–75%

significant durations, Ds5−75.
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aforementioned implicit short duration bias (ATC 1992, Chapters 4 and C.4; SAC
1997, Appendix E; Krawinkler et al. 2001). Studies such as Takemura and Kawashima
(1997), FEMA (2009a), and Krawinkler (2009) have indicated that structural com-
ponents generally exhibit different hysteretic behaviors depending on the nature of
the imposed loading protocol. This suggests that the hysteretic response of structural
components under long duration loading protocols—of the type recently developed by
Bazaez and Dusicka (2016)—will generally be different compared to their behavior
under short duration loading protocols. These observations highlight the need for
additional research to accurately characterize the influence of duration on structural
response, and if found to be significant, to develop strategies to explicitly consider
it in structural design and assessment. The approximate method recently proposed
by Liel et al. (2015), to embed the anticipated effect of duration in the computa-
tion of site-specific, risk-targeted maximum considered earthquake (MCER) (ASCE
2016, § 11.4.3) values, represents an attempt to address this shortcoming in the cur-
rent seismic design provisions. Finally, the extensive dataset of long duration ground
motions recorded from recent large magnitude earthquakes, like the 2008 Wenchuan
(China, MW 7.9), 2010 Maule (Chile, MW 8.8), and 2011 Tohoku (Japan, MW 9.0)
earthquakes, provides a fresh opportunity to revisit the study of duration without
having to rely on simulated long duration ground motions.

Clues to the potential for ground motion duration to influence the capacity of
structures can be obtained from an examination of the fatigue-life relation. The
nature of cyclic loading imposed on structures by relatively intense ground motions
that induce deformations which extend into the inelastic range, typically falls under
the low-cycle fatigue regime. Low-cycle fatigue in metallic materials is tradition-
ally characterized by the strain-life curve depicted in Figure 1.3, also known as the
Coffin-Manson relation (Manson 1953; Coffin 1954). The strain-life curve, which is
usually determined experimentally, posits a decreasing linear relation in log-space
between the plastic strain induced in the material at each load reversal, and the
average number of reversals of the same amplitude required to cause failure. An
alternative interpretation of the strain-life curve is that fewer cycles of larger ampli-
tude, and a larger number of cycles of lower amplitude are both equally capable of
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causing material failure. The strain-life curve is, however, derived strictly for small
components under constant-amplitude cyclic loads, and is not directly applicable to
larger civil engineering structures subjected to variable-amplitude earthquake loads.
Drawing a qualitative parallel, however, provides reason to believe that long dura-
tion earthquake ground motions would be capable of causing structural collapse at
lower intensity levels compared to short duration ground motions. Studies as early
as Husid (1967) (pp. 137–138) have alluded to this possibility. This effect of ground
motion duration can be readily captured using relatively simple structural models
that employ non-simulated collapse modes, typically consisting of a cycle counting
scheme in conjunction with some variant of Miner’s rule (Miner 1945). Capturing the
effect of duration using structural models that explicitly simulate dominant collapse
modes, however, requires the use of sophisticated finite element models that are capa-
ble of capturing the cyclic fatigue behavior of structural components on a macroscopic
scale (Krawinkler and Zohrei 1983). The attribution of the brittle fractures observed
in a number of beam-column joints in steel moment frame buildings after the 1994
Northridge (USA,MW 6.7) and 1995 Kobe (Japan,MW 6.9) earthquakes, to the inad-
equate fatigue resistance and fracture toughness of the beam flange to column flange
welds (FEMA 2000, § 1.2), highlights the potential of fatigue-related damage modes
to influence structural behavior under earthquakes. EERI (2012) and Mantawy and
Anderson (2015) have also alluded to the increased likelihood of observing fatigue-
related structural damage under long duration ground motions produced by large
magnitude earthquakes. This effect of duration is what is implicitly implied by the
common intuitive observation made by reconnaissance teams following earthquakes
that a structure would probably have collapsed if the ground motion had lasted just
a little longer (Jennings et al. 1971; Cornell 1997).

A list of global cities with populations greater than 1000, located closer than
200 km from the plate interface of an active subduction zone, was compiled to ob-
tain an estimate of the total number of people likely to benefit from research into
the impact of long duration ground motions on structural collapse risk. The pop-
ulation data for all cities was obtained from the GeoNames geographical database
(Wick and Boutreux 2016), and the geometries of about 85% of all subduction zones
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Figure 1.3: Typical strain-life curve characterizing the number of reversals (twice the
number of cycles) to failure under zero-mean, constant-amplitude, cyclic loading to different

plastic strain amplitudes.

worldwide were obtained from USGS Slab model database (Hayes et al. 2012).∗ A
subset of these cities with populations greater than 100,000, and the geometries of
the considered subduction zones, are plotted in Figure 1.4. The list of cities likely
to experience long duration ground motions includes heavily populated cities like
Mexico City (Mexico), Jakarta (Indonesia), Tokyo (Japan), Taipei (Taiwan), Lima
(Peru), and Santiago (Chile). Cities near Central Asian and European subduction
zones, including densely populated centers located near the Himalayan thrust zone,
unfortunately could not be considered since these subduction zones were absent from
the USGS Slab model database. The total population of the compiled list of cities
was computed to be approximately 337 million. Hence, research into the detrimental
effects of long duration ground motions has the potential to benefit more than 337
million of the world’s population.

∗Thanks to Anirudh Rao for directing me to these data sources.
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subduction zones are plotted in red.
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1.1.2 Definition of ground motion duration

The duration of an earthquake accelerogram typically refers only to the duration of
strong ground motion contained within the accelerogram, that can be considered to
be of engineering importance. Upon employing this definition to infer the duration
of the accelerogram plotted in Figure 1.5, it is immediately evident that the entire
length of the accelerogram: 125 s, is probably not the best measure of its duration,
since strong ground motion is limited to a shorter interval from approximately 25 s
to 80 s. Early studies (e.g., Veletsos and Newmark 1960; Housner 1965) relied on
visual inspection to distinguish this interval of strong ground motion. Recognizing
the ambiguity of this approach, researchers have since developed a number of wide and
varied precise mathematical methods to define the duration of strong ground motion—
of engineering relevance—contained within an accelerogram (Bommer and Martinez-
Pereira 1999). Commonly employed definitions include (i) bracketed duration: the
time elapsed between the first and last excursions of the accelerogram above a specified
acceleration threshold, e.g., 0.05 g (Ambraseys and Sarma 1967; Bolt 1973); and
(ii) significant duration: the time interval over which a specific percentage range,
e.g., 5–75%, 5–95%, of the integral

∫ tmax

0
a2(t)dt is accumulated, where a(t) represents

the ground acceleration at time t, and tmax represents the length of the accelerogram
(Trifunac and Brady 1975). While these metrics correspond to the canonical definition
of ground motion duration, other duration metrics that are only implicitly correlated
to the duration of strong ground motion, and may not even possess units of time,
have also been proposed. ID =

∫ tmax
0 a2(t)dt

PGA×PGV , for example, is a dimensionless duration
metric proposed by Cosenza and Manfredi (1997). Although the form and nature of a
duration metric do influence its usability in structural design and assessment, a more
important criterion is its correlation to key structural demands.

1.1.3 Factors influencing ground motion duration

The duration of an earthquake ground motion is primarily dependent on the du-
ration of source rupture (Esteva and Rosenblueth 1964; Hanks and McGuire 1981;
Kempton and Stewart 2006). Larger magnitude earthquakes typically rupture longer
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Figure 1.5: An accelerogram recorded from the 2010 Maule (Chile) earthquake at the
Llolleo station.

segments of faults at approximately constant average rupture velocities (Dobry et
al. 1978; Trifunac and Novikova 1995; Somerville et al. 1999), thereby producing
ground motions of longer durations. The extents of the fault ruptures from three
prominent historical earthquakes in Western USA: the 1700 Cascadia earthquake
(MW ≈ 9.0), 1906 San Francisco earthquake (MW ≈ 7.9), and 1989 Loma Prieta
earthquake (MW 6.9), are plotted in Figure 1.2, along with representative ground
motions they produced. Since recorded ground motions from the 1700 Cascadia
and 1906 San Francisco earthquakes are not available, representative ground motions
produced by other earthquakes of comparable magnitude: the 2011 Tohoku (Japan,
MW 9.0) and 2008 Wenchuan (China,MW 7.9) earthquakes, are plotted corresponding
to them instead. The increase in ground motion duration with earthquake magni-
tude is evident from Figure 1.2. While it is common knowledge that large magnitude
subduction earthquakes typically produce long duration ground motions, it is worth
noting that MW ∼ 8.0 crustal earthquakes are also capable of producing reasonably
long duration ground motions. In addition to the length of rupture, the direction of
rupture propagation with respect to the hypocenter and the presence of asperities at
the fault interface can also influence the source rupture duration, and thereby, the
durations of the produced ground motions.

Ground motion duration increases with distance from the source due to the scat-
tering and dispersion of seismic waves, and the difference in the arrival times of
waves propagating at different velocities and traversing different paths (Esteva and
Rosenblueth 1964; Trifunac and Brady 1975; Novikova and Trifunac 1994; Stein and
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Wysession 2003, § 2.8; Boore and Thompson 2014). Ground motion duration also de-
pends on local site conditions, with longer duration ground motions typically observed
at sites with softer soils due to repeated seismic wave reflections within the soft soil
layer (Trifunac and Brady 1975; Dobry et al. 1978; Novikova and Trifunac 1994). The
dependence of duration on source-to-site distance and site soil conditions is, however,
much smaller compared to its dependence on earthquake magnitude. Sedimentary
basins are expected to significantly amplify the durations of ground motions (in ad-
dition to their low frequency energy content) at sites located atop them by trapping
seismic waves that enter them at an oblique angle (Marafi et al. 2017). The canonical
example of this phenomenon is the amplification of the durations of ground motions
at sites in Mexico City located atop the bed of the ancient Lake Texcoco, during the
1985 Mexico City earthquake (Anderson et al. 1986; Kawase and Aki 1989; Chávez-
García and Bard 1994; Reinoso and Ordaz 2001). Studies like Somerville et al. (1997),
Bommer and Martinez-Pereira (1999), and Singh et al. (1999) have additionally ob-
served a dependence on near-fault rupture directivity, with ground motions of shorter
duration (and larger amplitude) observed at forward directivity sites. Statistical anal-
yses conducted by Kempton and Stewart (2006) have, however, found only a small
effect of rupture directivity on duration, depending on the metric used to quantify
duration.

1.1.4 Review of previous studies that investigated the influ-

ence of duration on structural response

Amplitude, frequency content, and duration have been widely recognized as the key
ground motion characteristics that influence structural response since the inception
of modern earthquake engineering (Jennings et al. 1968; Trifunac and Hudson 1971;
Housner and Jennings 1977; Dobry et al. 1978). Of the three, amplitude and fre-
quency content are conveniently quantified by the pseudo acceleration response spec-
trum, which has been universally adopted by the engineering community as the pri-
mary basis for structural design and assessment. Duration, on the other hand, has
received considerably lesser attention. Early studies that postulated an influence of
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ground motion duration on structural response were based solely on theoretical con-
siderations and observational evidence, since numerical simulation and experimental
testing capabilities were still at their infancy (e.g., Housner 1975; Trifunac and West-
ermo 1977; Dobry et al. 1978; McGuire and Barnhard 1979). These studies directed
the attention of the engineering community towards duration and triggered the devel-
opment of a number of metrics to quantify duration, also based purely on theoretical
grounds (e.g., Ambraseys and Sarma 1967; Page et al. 1972; Bolt 1973; Housner
1975; Trifunac and Brady 1975; Saragoni 1977; McCann and Shah 1979; Vanmarcke
and Lai 1980), some of which enjoy widespread use to date. A number of subse-
quent studies like Kawashima and Aizawa (1986), Xie and Zhang (1988), Kawashima
and Aizawa (1989), Cosenza and Manfredi (1997), Bommer and Martinez-Pereira
(1999), Hancock and Bommer (2005), Taflampas et al. (2009), Wang et al. (2015),
and Marafi et al. (2016) have proposed additional duration metrics, although most
of them have enjoyed lesser traction compared to the metrics that were developed
earlier. Some studies like Bolt (1973), Trifunac and Westermo (1977), and Montejo
and Kowalsky (2008) have proposed the use of frequency-dependent metrics to char-
acterize duration, in a manner analogous to how the response spectrum represents
a frequency-dependent measure of ground motion intensity. Many of these duration
metrics are summarized in Bommer and Martinez-Pereira (1999).

A number of studies have attempted to assess the influence of ground motion
duration on structural response over the last few decades, adopting a wide range of
approaches. Studies like Vanmarcke and Lai (1980), Jeong and Iwan (1988), Zembaty
(1988), Peng et al. (1989), Sánchez-Carratalá and Ferrer (2004), and Bora et al. (2014)
employed stochastic methods rooted in random vibration theory in their investiga-
tions. Others like Housner (1956), Zahrah and Hall (1984), Fajfar and Vidic (1994),
Sucuoğlu and Nurtuğ (1995), Krawinkler (1997), Chai et al. (1998), Chai and Faj-
far (2000), Manfredi (2001), Malhotra (2002), Chou and Uang (2003), Kunnath and
Chai (2004), Chai (2005), Teran-Gilmore and Simon-Velazquez (2008), Nicknam et al.
(2010), and Alıcı and Sucuoğlu (2016) followed the school of thought that the energy
transmitted to a structure by a ground motion—or alternatively the hysteretic energy
dissipated by a structure—represents a fundamental measure of structural damage.
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Hence, they employed energy-based metrics, often computed from the response of
single-degree-of-freedom oscillators, to quantify the cumulative damage potential of
a ground motion. Since ground motion duration is closely related to these energy-
based metrics, these studies could be considered indirect investigations into the effect
of duration. Studies like Mahin (1980), Oyarzo-Vera and Chouw (2008), Das and
Gupta (2010), Iervolino et al. (2014), Raghunandan et al. (2014), Goda (2015), Jeon
et al. (2015), Tesfamariam and Goda (2015), Iervolino et al. (2016), and Jalayer and
Ebrahimian (2016) characterized damage aggregated over multiple earthquake shocks,
including a main shock and one or more aftershocks. This too could be considered an
indirect means to examine the influence of duration, which is closely related to the
total accumulated damage.

One of the earliest studies to employ nonlinear dynamic analyses to investigate the
effect of duration on structural response was Clough et al. (1965). This study assessed
the effect of duration on the peak lateral displacements, member ductility demands,
and column axial forces by analyzing a nonlinear model of a 20-story building using
sections of an accelerogram recorded from the 1940 El Centro earthquake, of differ-
ent lengths, and scaled to different intensities. A number of other studies, including
Mahin (1980), Kennedy et al. (1984), Sewell (1992), Rahnama and Manuel (1996),
Sewell et al. (1996), Cornell (1997), Tremblay (1998), Reinoso et al. (2000), Bom-
mer et al. (2004), Lindt and Goh (2004), Ruiz-García and Miranda (2005), Iervolino
et al. (2006), Hancock and Bommer (2007), Montejo and Kowalsky (2008), Oyarzo-
Vera and Chouw (2008), Lin et al. (2010), Barbosa et al. (2012), Sarieddine and Lin
(2013), Barbosa et al. (2014), Ou et al. (2014), Romney et al. (2014), Hou and Qu
(2015), and Mantawy and Anderson (2015), have since employed nonlinear dynamic
analyses to assess the influence of duration on structural demands. Takizawa and Jen-
nings (1980), Xie and Zhang (1988), Bernal (1992), Ibarra and Krawinkler (2005),
Raghunandan and Liel (2013), Raghunandan et al. (2015), and Marafi et al. (2016)
conducted analyses on structural models capable of simulating structural collapse to
study the effect of duration on structural collapse capacity. Many of these studies are
summarized in Hancock and Bommer (2006). Lignos et al. (2011), Mohammed et al.
(2015), and Galanis et al. (2016) have supplemented nonlinear dynamic analyses with
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experimental investigations of the response of structures under long duration ground
motions. The conclusions reached by each of these studies were found to depend on
(i) the nature of ground motions used; (ii) the metrics used to quantify duration;
(iii) the characteristics of the structural models employed; and (iv) the structural
demand parameters considered. The broad consensus that can be drawn from this
wide body of research is that ground motion duration generally does not affect peak
demands, like peak story drifts and peak member forces, but significantly influences
cumulative damage metrics, like total dissipated hysteretic energy and accumulated
plastic strain. Studies that simulated structural collapse also found an effect of dura-
tion on collapse capacity, or the capacity of a structure to resist structural collapse,
as typically quantified by a collapse fragility curve.

This study extends previous research on the topic by accounting for the following
key criteria, deemed necessary to adequately capture the effect of duration:

(i) Use structural models that incorporate the in-cycle and cyclic deterioration of
structural strength and stiffness (FEMA 2009a), and the destabilizing P − ∆

effect of gravity loads.

(ii) Use long duration ground motions recorded from large magnitude earthquakes,
like the recent 2008 Wenchuan (China, MW 7.9), 2010 Maule (Chile, MW 8.8),
and 2011 Tohoku (Japan, MW 9.0) earthquakes. Most earlier studies either
relied on simulated long duration records, or used shorter duration records
recorded from lower magnitude earthquakes.

(iii) Adequately control for the effect of response spectral shape to prevent it from
confounding the observations.

(iv) Identify and use effective and efficient (as defined by Luco and Cornell 2007)
metrics to quantify ground motion duration.

(v) Investigate the effect of duration on structural collapse risk by combining the
results of structural collapse simulations with a measure of the site-specific
seismic hazard that includes a description of the durations of the anticipated
ground motions.
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Structural collapse risk estimation is a key ingredient in building design code calibra-
tion and performance assessment methodologies. Assessing the impact of duration
on structural collapse risk, therefore, is a necessary first step in evaluating the need
to consider duration in structural design and assessment.

1.1.5 Treatment of duration in current standards for struc-

tural performance assessment and design

Peak structural deformations and peak member forces currently form the basis for
acceptance criteria used in the design of new buildings (e.g., Eurocode 2004, § 4.3,
§ 4.4; PEER TBI 2010, § 8.6, § 8.7; LATBSDC 2014, § 3.5.4; ASCE 2016, § 12.12.1,
§ 16.2.4) and the evaluation of existing buildings (e.g., ASCE 2013, § 7.5). Transient
peaks of demands like story drift ratio and floor acceleration are also most commonly
used to define component fragility curves in modern structural performance assess-
ment methodologies (e.g., FEMA 2012c, § 2.3). As discussed in § 1.1.4, however,
a large majority of prior research has found little or no effect of duration on peak
demands. Cumulative damage metrics, on which a significant influence of duration
has been observed, currently find no place in design and assessment practice. Ground
motion duration has, therefore, been relegated to implicit, qualitative consideration
in most standards for structural performance assessment and design employed in
practice today (e.g., Eurocode 2004; FEMA 2012b; ASCE 2013; ASCE 2016).

The effect of duration on the capacity of soils to resist seismic loads, on the other
hand, is far more pronounced and widely acknowledged by the geotechnical engineer-
ing community. Duration has been shown to influence the liquefaction potential of
soils (Seed and Idriss 1982; Youd et al. 2001; Sideras and Kramer 2012), the lateral
spread displacements resulting from liquefaction (Rauch and Martin 2000), and the
stability and displacement of slopes (Bray et al. 1998; Travasarou et al. 2004). Ground
motion duration is, therefore, given more prominent consideration in the design and
assessment of geotechnical systems than structural systems. The effect of duration
is commonly considered in liquefaction assessments by adjusting the capacity of the
soil to resist cyclic loads by a magnitude scaling factor (Seed and Idriss 1982).
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Probabilistic seismic hazard analysis (PSHA) (Cornell 1968; Kramer 1996, § 4.4;
McGuire 2004) forms the foundation of current structural design and assessment prac-
tice. PSHA is used to characterize the frequency with which any given intensity of
ground motion—usually quantified by Sa(T1), the pseudo spectral acceleration at the
fundamental elastic modal period of the structure—is exceeded at a site. Seismic haz-
ard deaggregation calculations (McGuire 1995) then permit the determination of the
earthquake scenario (defined by rupture mechanism, magnitude, source-to-site dis-
tance, etc.) that is most likely to cause the exceedance of a given Sa(T1) value at the
site. The earthquake scenario that controls the exceedance of a specific target ground
motion intensity level is commonly used as the basis for implicitly considering duration
in a number of standards for structural design and assessment. The HAZUS loss as-
sessment methodology, for example, approximately accounts for the effect of duration
by modifying the effective damping factor used to adjust the demand response spec-
trum, based on the magnitude of the controlling earthquake scenario (FEMA 2012a,
§ 5.6.2.1). Procedures to select ground motions for use in response history analysis
procedures frequently advocate the selection of records to match a target conditional
spectrum (Abrahamson and Al Atik 2010; Jayaram et al. 2011b)—or alternatively
a conditional mean spectrum (Baker et al. 2011)—to explicitly account for the re-
sponse spectral shapes of the ground motions anticipated at the site. They, however,
seldom recommend the selection of records whose durations explicitly match those of
the ground motions anticipated at the site. Instead, they advocate the selection of
records whose causal parameters match those that define the controlling earthquake
scenario (e.g., Eurocode 2004, § 3.2.3; FEMA 2012b, § 4.4.2; ASCE 2013, § 2.4.2.2;
ASCE 2016, § 16.2.2), with the expectation that this would result in the selection
of records of approximately appropriate durations. Recent studies like Tarbali and
Bradley (2016) have, however, demonstrated the potential for selecting records with
durations that do not adequately represent the site-specific seismic hazard when using
such indirect means to account for duration. The ground motion selection guidelines
proposed by a number of standards are summarized in NIST (2011) (Chapter 3).
Shome et al. (1998), Bommer and Acevedo (2004), Beyer and Bommer (2007), Kat-
sanos et al. (2010), and NIST (2011) (Chapter 5) discuss some of the finer details
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associated with ground motion selection and scaling, and reflect the current state of
knowledge. Static analysis procedures like the equivalent lateral force (ELF) proce-
dure described in (ASCE 2016, § 12.8), on the other hand, recommend the use of
lateral load profiles that represent the intensity of anticipated ground motions, but
account for neither their response spectral shapes nor their durations.

1.2 Objectives

The first objective of this study is to quantify the influence of ground motion

duration on structural collapse capacity. Accomplishing this task additionally
requires the achievement of the following sub-objectives:

(i) Evaluate commonly used duration metrics and identify ones that are well suited
for use in structural design and assessment. The suitability of a duration metric
is defined by the feasibility of incorporating it alongside the response spectrum
in a vector intensity measure, and its efficiency in predicting a ground motion’s
collapse intensity.

(ii) Study the sensitivity of the effect of duration to key structural characteristics,
and thereby help identify classes of structures that are more vulnerable to long
duration ground motions than others.

(iii) Study the physical mechanisms that drive the observed influence of duration
on structural collapse capacity. The effect of duration is often qualitatively
attributed to cyclic deterioration in strength and stiffness and the ratcheting
of drifts, accentuated by the P −∆ effect; the underlying mechanism by which
long duration ground motions influence structural collapse by ratcheting are,
however, less clearly understood.

The second objective is to quantify the influence of duration on structural

collapse risk at sites located in different tectonic regimes, and to use the results to
evaluate the need to explicitly consider duration in structural design and assessment.
This again additionally requires the achievement of the following sub-objectives:
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(i) Develop a procedure to characterize the seismic hazard at a site in terms of the
probability distributions of the durations of the anticipated ground motions.

(ii) Evaluate the effectiveness of the current practice of implicitly accounting for du-
ration by selecting records for response history analysis to match target ranges of
causal parameters like rupture mechanism, magnitude, source-to-site distance,
and site Vs30 (the time-averaged shear wave velocity of the top 30m of the soil
profile).

The third and final objective is to develop strategies to explicitly consider

duration in standards for structural performance assessment and design,
alongside response spectral shape, if duration is found to have a significant effect on
structural collapse risk. The development of strategies to incorporate duration in
a standard is to be accompanied by comparative nonlinear dynamic analyses that
demonstrate the benefits of the proposed modifications to the standard.

1.3 Scope

The influence of duration on structural collapse capacity is investigated by conducting
numerical simulations of the dynamic response of structures under ground motions
of different durations. The effect of duration is captured using realistic, deteriorating
nonlinear structural models that incorporate the destabilizing P −∆ effect of gravity
loads. Peak story drift ratio and collapse capacity are the only two structural demands
whose sensitivity to ground motion duration is investigated, since they form the basis
for current structural design and assessment practice. Duration is not expected to
significantly influence peak floor accelerations and peak floor velocities, which are
commonly used to characterize damage to non-structural components; hence they are
not considered in this study. Although duration is intuitively expected to influence
cumulative damage metrics, they too are not considered, since they are seldom ex-
plicitly used in design and assessment practice. The cumulative hysteretic energy
dissipated by a structural component is, instead, indirectly used by the phenomeno-
logical model employed to simulate its hysteretic behavior, to algorithmically degrade
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its strength and stiffness over successive cycles, thereby manifesting itself in the form
of amplified deformations under intense, long duration ground motions. The influence
of duration is investigated using predominantly ductile reinforced concrete moment
frames, although the effects on some steel moment frames and braced frames are also
studied. No experimental tests are conducted as part of this study; although, the hys-
teretic models employed in the numerical simulations have been calibrated to results
from previously conducted experimental tests. Numerical convergence issues associ-
ated with the simulation of structural response under long duration ground motions
are investigated, and recommendations are made to circumvent the problem.

The influence of duration is investigated by comparing the response of structures
under short and long duration ground motions, while adequately controlling for the
anticipated effect of response spectral shape using careful record selection and appro-
priate post-processing of the analysis results using statistical tools. Only those long
duration ground motions produced by large magnitude earthquakes involving long
ruptures, recorded on sites with relatively firm soils, are considered. Narrow-band,
long duration ground motions produced by the resonance of sedimentary basins are
not considered since it was perceived that their unique nature may require parameters
beyond just duration and response spectra to adequately characterize their effects on
structural response. Additionally, traditional ground motion prediction models can-
not yet adequately account for these basin effects, rendering it difficult to accurately
characterize the seismic hazard at sites likely to experience such ground motions.
Although physics-based ground motion simulation tools have been successfully em-
ployed to predict ground motions at sites located atop sedimentary basins (Frankel
2000; Pitarka 2004; Frankel et al. 2007; Olsen et al. 2008), they were not considered
in this study.

The generalized conditional intensity measure (GCIM) framework (Bradley 2010)
is adopted to characterize the probability distributions of the durations of the antic-
ipated ground motions. The GCIM framework extends the concept of a conditional
spectrum to compute conditional distributions of intensity measures other than just
response spectral ordinates, like duration. Investigations into the effect of duration
on structural collapse risk are limited to three sites located in Seattle (Washington),
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Eugene (Oregon), and San Francisco (California), since the seismic hazard at these
sites can be considered representative of a large number of other sites in Western USA.
The seismic hazard at Eugene is dominated by interface earthquakes in the Cascadia
subduction zone, while the hazard at San Francisco is dominated by earthquakes on
nearby crustal faults like the San Andreas and Hayward faults. The seismic haz-
ard at Seattle, however, receives contributions from interface and in-slab earthquakes
from the Cascadia subduction zone, as well as crustal earthquakes from the adjacent
Seattle fault zone.

Finally, strategies are proposed to incorporate the effect of duration into the fol-
lowing standards for structural performance assessment and design:

(i) the FEMA P-58 seismic performance assessment methodology (FEMA 2012b);

(ii) the FEMA P695 methodology to quantify seismic performance factors (FEMA
2009b); and

(iii) the ASCE 7-16 seismic design provisions (ASCE 2016).

More specifically, methods are developed to account for the effect of duration, along-
side response spectral shape, in multiple stripe analysis (MSA) (Jalayer 2003, Chapter
4), incremental dynamic analysis (IDA) (Vamvatsikos and Cornell 2002), and ASCE
7-16’s equivalent lateral force (ELF) (ASCE 2016, § 12.8) and nonlinear response
history analysis (NLRHA) (ASCE 2016, Chapter 16) procedures.

1.4 Organization

The research conducted as part of this study is documented over Chapters 2 to 7,
and the results of the study are summarized in Chapter 8. Each of the six body
chapters is written in the format of a typical journal paper, beginning with Abstract
and Introduction sections, and ending in a Conclusion section, to simplify the process
of future submission to journals. The use of this format necessitated the replication
of some background and introductory material over multiple chapters, to enable each
chapter to stand alone, with minimal references across chapters. The section sign: §
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in singular and §§ in plural, is frequently used to refer to specific sections within this
document and other cited references using a compact notation.

Chapter 2 describes the use of spectrally equivalent long and short duration record
sets to quantify the influence of ground motion duration on the collapse capacity of a
five-story steel moment frame building. A number of commonly used duration metrics
are compared to identify the ones that are well suited for use in structural design and
assessment. The sensitivity of the effect of duration to key parameters of a reinforced
concrete bridge pier model is then studied.

Chapter 3 examines the physical mechanisms that cause the observed effect of
duration on the collapse capacity of the same steel moment frame building analyzed
in Chapter 2. The cyclic deterioration of structural strength and stiffness and the
gradual ratcheting of drifts, accentuated by the P −∆ effect, are shown to represent
the two major mechanisms by which duration influences structural response. The
relative contributions of the two mechanisms to the total observed effect of duration
are quantified. A response parameter called the ratcheting interval is defined and used
to explain the larger potential for long duration ground motions to cause structural
collapse by ratcheting.

Chapter 4 describes a procedure based on the GCIM framework, to compute
probability distributions of the durations of the ground motions anticipated at a site.
Hazard-consistent collapse risk estimates of an eight-story reinforced concrete moment
frame building are obtained by analyzing it using ground motions selected to match
duration and response spectrum targets, computed at three sites in Western USA:
Seattle (Washington), Eugene (Oregon), and San Francisco (California). The bias
in the estimated structural collapse risk when using ground motions from the PEER
NGA-West2 database, selected to match only hazard-consistent response spectrum
targets, is then quantified at all three sites. This bias quantifies the consequence
of ignoring duration when selecting records for structural collapse risk estimation.
The effectiveness of ground motion selection procedures that implicitly account for
duration using causal parameters is also examined.

Chapter 5 develops a structural reliability framework to compute a hazard-consistent
collapse fragility curve by post-processing the results of an IDA conducted using a
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generic record set, thereby eliminating its biggest shortcoming, and making it a com-
petitive alternative to MSA. The hazard-consistent collapse fragility curve of the same
eight-story reinforced concrete moment frame building analyzed in Chapter 4, com-
puted using the reliability framework, is shown to compare well with the fragility curve
obtained by conducting MSA using hazard-consistent ground motions, at Seattle, Eu-
gene, and San Francisco. A simplified procedure that allows the efficient computation
of just the hazard-consistent median collapse capacity, is also developed.

Chapter 6 proposes strategies to explicitly consider the effect of duration, along-
side response spectral shape, in the following standards for structural performance
assessment and design: (i) the FEMA P-58 seismic performance assessment method-
ology (procedures to estimate collapse capacity and demands given collapse has not
occurred); (ii) the FEMA P695 methodology to quantify seismic performance factors;
and (iii) the ASCE 7-16 seismic design provisions (ELF and NLRHA procedures).

Chapter 7 proposes the use of the explicit central difference numerical time integra-
tion scheme as a robust and efficient alternative to commonly used implicit schemes,
like the Newmark average acceleration scheme, for nonlinear response history anal-
ysis. It is demonstrated to be robust against numerical non-convergence issues that
most implicit schemes frequently suffer from, especially when structures are analyzed
under long duration ground motions. It is also shown to be more efficient than im-
plicit schemes when used to conduct structural collapse simulations, despite the limit
on the maximum time step imposed by its stability criterion. The few additional steps
required during model creation, including the assignment of mass to all degrees of
freedom, are shown to be outweighed by improved performance in terms of robustness
and efficiency. Efficient parallel algorithms to conduct MSA and IDA on multi-core
computers and distributed parallel clusters are then developed.

In summary, Chapters 2, 3 and 7 address the first stated objective of quantifying
the influence of duration on structural collapse capacity. Chapters 4 and 5 tackle
the second objective of assessing the impact of duration on structural collapse risk
by combining the observed influence of duration on structural collapse capacity with
the seismic hazard at a few representative sites. Chapter 6 finally distils the results
from Chapters 2 to 5 into succinct strategies by which the effect of duration can be
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incorporated in structural design and assessment standards.



Chapter 2

Quantifying the influence of

ground motion duration on

structural collapse capacity using

spectrally equivalent records

Adapted from Chandramohan, R., J. W. Baker, and G. G. Deierlein (2016). “Quan-
tifying the influence of ground motion duration on structural collapse capacity us-
ing spectrally equivalent records”. Earthquake Spectra 32 (2), pp. 927–950. doi:
10.1193/122813EQS298MR2.

2.1 Abstract

This study examines the influence of ground motion duration on the collapse capaci-
ties of a modern, five-story steel moment frame and a reinforced concrete bridge pier.
The effect of duration is isolated from the effects of ground motion amplitude and
response spectral shape by assembling sets of “spectrally equivalent”, long and short
duration records, and employing them in comparative non-linear dynamic analyses.
For the modern steel moment frame, the estimated median collapse capacity is 29%
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lower when using the long duration set, as compared to the short duration set. For the
concrete bridge pier, the collapse capacity is 17% lower. A comparison of commonly
used duration metrics indicates that significant duration is the most suitable metric
to characterize ground motion duration for structural analysis. Sensitivity analyses to
structural model parameters indicate that structures with high deformation capacities
and rapid rates of cyclic deterioration are the most sensitive to duration.

2.2 Introduction

The influence of ground motion duration on structural demands is a topic that has
been researched extensively in the literature. As summarized in Hancock and Bommer
(2006), previous studies have drawn different conclusions depending on the structural
demand parameters they considered. The few that considered only peak structural
deformations (e.g., Sarieddine and Lin 2013) generally found duration to have little
effect. Most others studies (e.g., Cornell 1997; Bommer et al. 2004; Iervolino et al.
2006; Hancock and Bommer 2007; Oyarzo-Vera and Chouw 2008; Raghunandan and
Liel 2013) found that although duration does not influence peak deformations, it does
influence cumulative damage indices. Current seismic design standards and loading
protocols for component testing do not explicitly account for the effects of duration.
ASCE (2010) attempts to do so, implicitly, by specifying that accelerograms to be
used for structural analysis should be chosen from earthquakes having magnitudes
consistent with those that control the risk-targeted maximum considered earthquake
(MCER) (ASCE 2010) ground motion. Even alternative performance-based evalua-
tion methodologies (e.g., PEER TBI 2010; FEMA 2012b) do not have a well-defined
framework for incorporating the effects of ground motion duration, apart from qual-
itative ground motion selection.

This study aims to highlight the importance of considering duration when selecting
ground motions for structural response analysis, with particular emphasis on evalu-
ating structural collapse. Structural collapse capacity is an important metric used to
calibrate seismic design codes, whose main aim is to ensure safety against collapse
(ASCE 2010). Collapse is also an important limit state in performance-based loss
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evaluation (Moehle and Deierlein 2004). Evaluating the influence of ground motion
duration on collapse capacity requires numerical models that accurately characterize
structural behavior at large non-linear deformations. Ideally, such models should in-
corporate the in-cycle and cyclic deterioration of strength and stiffness of structural
components (Ibarra et al. 2005), as well as the destabilizing P −∆ effects of gravity
loads (Gupta and Krawinkler 2000). Many prior studies (e.g., Iervolino et al. 2006;
Hancock and Bommer 2007; Oyarzo-Vera and Chouw 2008; Sarieddine and Lin 2013)
employed numerical models that did not incorporate all these features, and hence,
may not provide a comprehensive assessment of the influence of duration on collapse
safety. By incorporating deterioration and P − ∆ effects, this study provides an
informative assessment of the effect of duration, including analyses to evaluate the
sensitivity of the observed effect of duration to model parameters.

A number of other studies (e.g., Zahrah and Hall 1984; Sucuoğlu and Nurtuğ 1995;
Krawinkler 1997; Chai and Fajfar 2000; Malhotra 2002; Kunnath and Chai 2004) have
identified total dissipated hysteretic energy as an indicator of structural damage, and
considered ground motion duration to act as a proxy for this demand measure. They
have also attempted to quantify the damage potential of accelerograms based on the
hysteretic energy dissipated by single-degree-of-freedom oscillators. In this study,
structural damage is not explicitly quantified in terms of the dissipated hysteretic
energy, but the cumulative hysteretic energy dissipated by each plastic hinge is used
to cyclically degrade its strength and stiffness after each inelastic excursion, such that
damage is manifested in the form of larger structural deformations under intense, long
duration ground motions, eventually leading to structural collapse.

In addition to the issues associated with the reliable modeling of deterioration,
three challenges that have hampered studies on the influence of ground motion du-
ration on structural response are (i) the scarcity of long duration ground motions,
(ii) the difficulty in isolating the effect of duration from other ground motion charac-
teristics, such as amplitude and frequency content, and (iii) the lack of consensus on
an effective ground motion duration metric that relates to structural behavior. The
first challenge has been addressed in some previous studies (e.g., Mahin 1980; Xie
and Zhang 1988; Rahnama and Manuel 1996; Tremblay 1998; Raghunandan and Liel
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2013; Sarieddine and Lin 2013) through the use of artificially simulated, long duration
accelerograms. In this study, the scarcity of available ground motions has been ad-
dressed by collecting and utilizing long duration ground motions recorded from recent
large magnitude earthquakes, most notably the 2008 Wenchuan (China), 2010 Maule
(Chile), and 2011 Tohoku (Japan) earthquakes. The second challenge of isolating
the effect of duration from other ground motion characteristics has been previously
addressed by Hancock and Bommer (2007), Montejo and Kowalsky (2008), and Ou
et al. (2014) by modifying the spectral content of recorded accelerograms to have
similar response spectra. Sideras and Kramer (2012) used stochastically simulated
accelerograms having similar amplitude and frequency characteristics, but different
durations. This study employs spectrally equivalent, long and short duration record
sets, with unmodified spectral content, to isolate and quantify the influence of dura-
tion. The third challenge is addressed by analyzing several ground motion duration
metrics to identify the one that is best suited for selecting ground motions to use in
non-linear collapse analyses.

2.3 Ground motion selection and collapse capacity

estimation

The collapse capacity of a structure can be treated as a random variable, defined as
the intensity of ground excitation that causes structural collapse. Its cumulative dis-
tribution function, known as a collapse fragility curve, relates ground motion intensity
to the probability of collapse. Calculation of collapse capacity requires a non-linear
structural model that can accurately simulate response from the initiation of inelas-
ticity up to the onset of collapse at large deformations. The non-linear response is
evaluated by scaling ground motions to different intensity levels, the distributions of
whose characteristics (such as frequency content, duration, and pulse-like character-
istics) at each intensity level, match their respective predicted distributions corre-
sponding to the site-specific seismic hazard. When a different set of ground motions
is used at each intensity level, the procedure is referred to as multiple stripe analysis
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(Jalayer 2003). This is in contrast to incremental dynamic analysis (IDA), whereby
a single set of ground motions is scaled to different intensity levels (Vamvatsikos and
Cornell 2002). Multiple stripe analysis is generally preferred for building-specific ap-
plications since it captures site-specific hazard conditions. In this study, however,
IDA is employed for the purposes of comparative collapse analyses using two sets of
spectrally equivalent ground motions with different durations. Ground motion inten-
sity is defined by the 5% damped pseudo spectral acceleration at the fundamental
period of the structure, Sa(T1, 5 %).

The frequency content of a ground motion is commonly characterized by its re-
sponse spectral shape, whose influence on predicted collapse capacity has been demon-
strated in previous studies (e.g., Baker and Cornell 2006b; Haselton et al. 2011a).
This study evaluates whether ground motion duration influences structural collapse
capacity as well, thereby warranting consideration during record selection for col-
lapse analysis, in addition to response spectral shape. Bradley (2010) has proposed a
framework to determine the predicted distribution of duration at a site, conditional
on a chosen intensity level. This conditional distribution of duration can be computed
using seismic hazard deaggregation information, a ground motion prediction equation
for duration (e.g., Abrahamson and Silva 1996; Kempton and Stewart 2006; Bom-
mer et al. 2009), and information on the correlation between the residuals (epsilon
values per Baker and Cornell 2005) of duration and response spectral ordinates (e.g.,
Bradley 2011).

The selected ground motions are used as input to non-linear dynamic structural
analyses, where the collapse limit state is defined by the unbounded increase in peak
global deformations, above a pre-defined threshold (Haselton and Deierlein 2008).
The probability of collapse at each intensity level is computed as the fraction of
ground motions causing collapse at that intensity level. The collapse fragility curve
is then determined by fitting a lognormal cumulative distribution function to these
data points using a maximum likelihood approach.
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2.4 Creation of record sets

A major component of this study entailed assembling a set of long duration ground
motions from earthquake recordings. Significant duration (Ds5−75) was used to char-
acterize ground motion duration since it has been widely used in the literature, and
preliminary studies by the authors (Foschaar et al. 2011) indicated it to be the pre-
ferred metric for this kind of analysis. The significant duration of a ground motion
is defined as the time interval over which a specific percentage range of the following
integral is accumulated: ∫ tmax

0

a2(t)dt (2.1)

where a(t) represents the ground acceleration and tmax represents the length of the
record. As shown in Figure 2.1, the 5–75% qualifier on significant duration refers to
the percentages of the integral defined in Equation (2.1), over which the significant
duration is defined. It is later demonstrated that the choice of Ds5−75 for selecting
records does not significantly influence the final results, though significant duration
is shown to be a more robust and convenient predictor of the effect of duration on
structural collapse than other metrics.

To assemble the long duration record set, approximately 2000 horizontal record
pairs were collected from the following large magnitude earthquakes: 1974 Lima
(Peru), 1985 Valparaiso (Chile), 1985 Michoacan (Mexico), 2003 Hokkaido (Japan),
2010 Maule (Chile), and 2011 Tohoku (Japan). They were baseline corrected and
filtered using the recommendations of Boore (2005) and Boore and Bommer (2005).
Record pairs from the following large magnitude events in the PEER NGA-West2
database (Ancheta et al. 2013) were also included in the collection: 1992 Landers
(USA), 1999 Kocaeli (Turkey), 2008 Wenchuan (China), and 2010 El Mayor Cucapah
(USA). Since the selected ground motions were to be used for collapse analyses requir-
ing fairly high intensities, record pairs with geometric mean peak ground acceleration
(PGA) smaller than 0.1 g or geometric mean peak ground velocity (PGV) smaller than
10 cm/s were screened out. From the resulting database, long duration record pairs
were identified as those with Ds5−75 of at least one of the two components greater



CHAPTER 2. INFLUENCE OF DURATION ON COLLAPSE CAPACITY 29

−0.6

−0.3

0.0

0.3

0.6

a
(t

)
(g
)

0 20 40 60 80 100 120 140 160

t (s)

5

75

100
%

of
∫
a

2
(t

)d
t

Ds5−75 = 32 s

Figure 2.1: Computation of the 5–75% significant duration (Ds5−75) of a ground motion.

than 25 s. The 25 s threshold was decided after reviewing a histogram of Ds5−75 of all
available records, striking a balance between being long enough to observe an effect of
duration, but not so long as to result in too small of a set. The threshold was applied
to the Ds5−75 of individual components rather than the geometric mean Ds5−75 of
both components since doing so would have screened out some viable long duration
records. Long duration records from soft soil sites were also screened out since it
was felt that soft soil records have unique characteristics that would require selection
criteria beyond response spectral shape to maintain parity between long and short
duration record pairs. Finally, to avoid having any single event dominate the record
set, the number of record pairs selected from any event was limited to 25. This process
resulted in the creation of a long duration record set containing 73 record pairs, with
a geometric mean of 42 s. As a point of reference, 42 s corresponds to the predicted
median Ds5−75 for a magnitude 9.1 earthquake, at a source distance of 100 km, using
Abrahamson and Silva (1996). The distribution of Ds5−75 for this long duration set
is shown in the upper portion of Figure 2.2. As summarized in Table 2.1, ground
motions are included from 10 earthquakes, and records from the 2011 Tohoku and
2008 Wenchuan earthquakes constitute over half of the set.
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Figure 2.2: Distribution of Ds5−75 of the records in the spectrally equivalent, long and
short duration record sets.

Table 2.1: Summary of the number of record pairs from each earthquake in the long
duration record set.

Earthquake Magnitude Number of record pairs

1974 Lima (Peru) 8.1 2
1985 Valparaiso (Chile) 7.8 4
1985 Michoacan (Mexico) 8.0 4
1992 Landers (USA) 7.3 3
1999 Kocaeli (Turkey) 7.5 2
2003 Hokkaido (Japan) 8.3 6
2008 Wenchuan (China) 7.9 16
2010 Maule (Chile) 8.8 8
2010 El Mayor Cucapah (USA) 7.2 3
2011 Tohoku (Japan) 9.0 25
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A companion short duration record set was assembled to serve as a control group.
For each of the 146 individual records in the long duration set, a corresponding record
with Ds5−75 smaller than 25 s and a closely matching response spectrum was chosen
from the PEER NGA-West2 database. To find a short duration record with a response
spectrum closely matching that of a given long duration record, the target response
spectrum of the long duration record was discretized at periods from 0.05 s to 6.00 s,
at intervals of 0.05 s, to obtain 120 spectral ordinates, L1, L2, L3, . . . , L120, with
mean L̄. The corresponding response spectral ordinates, S1, S2, S3, . . . , S120 with
mean S̄, were calculated for all records from the PEER NGA-West2 database that
belonged to a horizontal record pair, both of whose components had Ds5−75 lesser
than 25 s. The spectral ordinates of each short duration record were then scaled by a
factor k = L̄/S̄, such that the mean of the spectral ordinates of the scaled record (kS̄)
was equal that of the long duration record (L̄). A constraint of k ≤ 5 was imposed
to avoid the scaling of low intensity records by large factors. The sum of squared
errors (SSE) used to quantify the error between the two response spectra was then
computed as

SSE =
120∑

i=1

(Li − kSi)2 (2.2)

Among all candidate short duration records that had not already been selected, the
one with the lowest sum of squared errors was chosen. Figure 2.3 shows a comparison
of the response spectra and time histories of one such spectrally equivalent, long
and short duration record pair. This resulted in the creation of a short duration
set with a geometric mean Ds5−75 of 6 s, with each of the 146 records having a
spectrally equivalent match in the long duration set. As a point of reference, 6 s is
the predicted median Ds5−75 for a magnitude 6.4 earthquake, at a source distance
of 50 km, using Abrahamson and Silva (1996). The distribution of Ds5−75 for the
short duration set is shown in the lower portion of Figure 2.2. By selecting these with
matching spectral shapes, it is hypothesized that variations in the collapse capacity
estimated using the two record sets can be attributed to the difference in their ground
motion durations. It is later verified that the adopted selection procedure did not
introduce any significant biases with respect to other ground motion characteristics
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that may influence the calculated collapse capacity as well. Detailed information
about the two record sets is available in a digital appendix to this paper: http:

//purl.stanford.edu/gq974qw0332.

2.5 Non-linear dynamic analysis of a steel moment

frame model

A modern, five-story steel special moment frame, based on an actual building located
in San Francisco (also used in FEMA 2014), was modeled and analyzed to assess
the influence of duration. A schematic of the two-dimensional model, which was
analyzed using OpenSees rev. 5184 (McKenna et al. 2006), is shown in Figure 2.4.
The beams and columns of the frame were modeled using linear elastic elements,
with zero-length plastic hinges located at the ends of each column and the reduced
beam section (RBS) cuts near the ends of each beam. The hysteretic behavior of
the plastic hinges was modeled using the Modified Ibarra-Medina-Krawinkler bilinear
model that includes a post-peak negative stiffness branch of the backbone curve to
capture in-cycle deterioration, as well as an algorithm that cyclically deteriorates
strength and stiffness based on the cumulative hysteretic energy dissipated (Ibarra et
al. 2005). Finite panel zones were modeled, with their shear deformations represented
by a trilinear backbone curve. The contribution of the adjacent gravity system to the
destabilizing P − ∆ effect was modeled using a pin-connected leaning column. The
calculated fundamental period of the structure is 1.6 s.

During each analysis, the peak story drift ratio (SDR, calculated as the maximum
lateral story drift ratio over all the stories and the entire duration of shaking) was
monitored, and an unbounded increase in peak SDR, above a threshold of 0.10 rad,
was used as an indication of structural collapse. Numerical time integration was per-
formed using the explicit central difference scheme, since it was found to be more
robust than implicit numerical integration schemes, which sometimes failed to con-
verge.

http://purl.stanford.edu/gq974qw0332
http://purl.stanford.edu/gq974qw0332
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Figure 2.3: Comparison of the (a) response spectra and (b) time histories of a spectrally
equivalent, long and short duration record pair. The long duration record is from the 2011
Tohoku earthquake, recorded at the Kaminoyama (YMT011) station. The short duration
record is from the 2004 Chuetsu earthquake, recorded at the Joetsu City (65019) station,

scaled by a factor of 0.74.
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Figure 2.4: Schematic of the five-story steel special moment frame model.

The collapse fragility curves resulting from incremental dynamic analyses con-
ducted using the spectrally equivalent, short and long duration record sets are shown
in Figure 2.5. The median collapse capacities estimated using the short and long
duration record sets are 0.92 g and 0.65 g, respectively. Since the record sets are
spectrally equivalent, the 29% decrease in estimated median collapse capacity is at-
tributed to the difference in ground motion durations. The estimated probability of
collapse at the MCER level (Sa(1.6 s, 5 %) = 0.41 g in this case) is about seven times
larger using the long duration set than the short duration set (collapse probability
of 11% using the long duration set vs. 1.4% using the short duration set). When
integrated with the seismic hazard curve corresponding to the location of the building
in San Francisco, the mean annual frequencies of collapse computed using the short
and long duration record sets are 0.92× 10−4 and 2.8× 10−4 respectively, indicating
a three-fold increase in collapse risk when using the long duration set. Although
it is unrealistic to expect ground motions like those contained in the long duration
record set in San Francisco, these numbers serve to illustrate how collapse risk can
be influenced by ground motion duration.

The geometric means of the IDA curves for both record sets, relating peak SDR
to ground motion intensity, are plotted in Figure 2.6. The curves begin to diverge
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Figure 2.5: Collapse fragility curves estimated using the spectrally equivalent long and
short duration record sets, and the hazard curve corresponding to the location of the building

in San Francisco.

at a peak SDR value of about 0.03 rad, which coincides with the point where the
steel beam hinges reach their peak strengths and begin to strain-soften. This trend
has also been observed by the authors in other structural models analyzed in related
research (though not presented here), indicating that the influence of ground motion
duration on peak SDR is observed only at intensity levels large enough to produce
non-linear deformations that extend into the post-peak softening range of inelastic
response. This observation helps reconcile the results of this study with the those
of many previous studies summarized in Hancock and Bommer (2006), which used
numerical models that did not incorporate deterioration and P−∆ effects, and hence,
found no influence of duration on peak deformation demands. An important impli-
cation of this is that although long duration ground motions predict lower collapse
capacities, the effect of duration on peak global deformations will not be detected
when analyzing new building designs at or below MCER intensities (MCER level in
this case is Sa(1.6 s, 5 %) = 0.41 g), as is standard practice when non-linear analy-
ses are used for building design (Deierlein et al. 2010; PEER TBI 2010). Therefore,
methods that consider the influence of ground motion duration on collapse safety will
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Figure 2.6: Geometric mean curves of the spectrally equivalent, long and short duration
record sets.

need to go beyond analyses using ground motions scaled to MCER intensities. Either
non-linear analyses will need to be conducted at higher ground motion intensities,
where duration-sensitive structural deterioration and P −∆ effects are captured, or
alternatively, adjustment factors for design strength and/or ductility requirements
may need to be applied to maintain sufficient margins of safety against collapse, at
sites where long duration ground motions are expected.

Shown in Figure 2.7 is a log-log plot of the collapse capacity, Sa(1.6 s, 5 %), versus
Ds5−75, for each ground motion. Although the decreasing trend in collapse capac-
ity with Ds5−75 is evident from the plot, this representation of the data does not
utilize information about the spectral equivalence of corresponding long and short
duration record pairs. Therefore, an alternative representation of the data, in terms
of two new parameters: Collapse Capacity Ratio and Ds5−75 Ratio is presented.
Collapse Capacity Ratio or CCR of a spectrally equivalent record pair is defined as
the ratio of the collapse capacities produced by the long and short duration records
constituting the pair. Similarly, the Ds5−75 Ratio of a spectrally equivalent record
pair is defined as the ratio of the Ds5−75 of the long and short duration records. As
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the geometric mean collapse capacity and geometric mean Ds5−75 of all ground motions in

the corresponding set).

shown in Figure 2.8, plotting ln (CCR) against ln (Ds5−75 Ratio) for all 146 spectrally
equivalent record pairs confirms that within each spectrally equivalent record pair, on
average, the longer the duration of one ground motion with respect to the other, the
lower the collapse capacity it predicts. As illustrated by the values highlighted in the
figure, a ground motion with 2 times the duration of another predicts a 10% lower
collapse capacity on average. Similarly, a ground motion with 30 times the duration
of another predicts a 50% lower collapse capacity on average.

A few other observations can be made from the plot in Figure 2.8. The p-value
(Kutner et al. 2005) of the slope of the least squares regression line (from a 1-sided
t-test) is 1.0× 10−8. This low p-value indicates that the influence of duration on
collapse capacity is statistically significant. The y-intercept of the least squares re-
gression line is 1.08, with a p-value of 0.35 (from a 2-sided t-test). This large p-value
implies that if two records have identical spectral shapes and durations represented
by Ds5−75, they predict the same collapse capacity on average. This indicates that
there were no statistically significant biases introduced during the record selection
process with respect to other unaccounted ground motion characteristics that could
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Figure 2.8: Log-log plot of Collapse Capacity Ratio vs. Ds5−75 Ratio with the least
squares regression line.

influence collapse capacity. The coefficient of determination (R2) from the regression
analysis is 0.20, which implies that taking into account the Ds5−75 of the ground mo-
tions decreased the variance in ln (CCR) by 20%. This R2 statistic is a measure of
the efficiency of Ds5−75 in predicting ln (CCR) and is used to compare the efficiencies
of alternative duration metrics.

2.6 Analysis of duration metrics

A number of metrics exist, other than Ds5−75, that could be used to quantify ground
motion duration (Bommer and Martinez-Pereira 1999). This study considers the
following, which are evaluated relative to Ds5−75:

• 5–95% significant duration (Ds5−95): The time interval over which 5% to
95% of the integral

∫ tmax

0
a2(t)dt is accumulated (Trifunac and Brady 1975).

• 0.05 g bracketed duration (Db0.05): The time elapsed between the first and
last excursions of the accelerogram above a threshold of ±0.05 g (Bolt 1973).
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Higher or lower thresholds may be used, however, 0.05 g is judged to be a
reasonable value for evaluating ground motions that cause damage to engineered
structures.

• Arias intensity (IA) = π
2g

∫ tmax

0
a2(t)dt: A measure of the energy contained in

the accelerogram and a hybrid metric of duration and intensity (Arias 1970). It
is expected to be correlated to the duration of strong shaking since it involves
integration over time (Kayen and Mitchell 1997).

• Cumulative absolute velocity (CAV ) =
∫ tmax

0
|a(t)|dt: Another hybrid

metric (Benjamin 1988) that is expected to be more correlated to the duration
of an accelerogram than its intensity, when compared to Arias intensity, since
it involves integration of a lower power of a(t) over time.

• ID =
∫ tmax
0 a2(t)dt

PGA×PGV : A dimensionless metric of duration proposed by Cosenza
and Manfredi (1997), computed as the integral of a2(t) normalized by the peak
ground acceleration and velocity.

A duration metric is considered efficient (Luco and Cornell 2007) if it produces
a large decrease in the variance of lnCCR, i.e., produces a large R2 statistic in a
regression analysis similar to the one presented in the previous section. In fact, any
ground motion metric that results in a significant decrease in the variance of lnCCR

could be considered an efficient predictor of collapse capacity. This motivates the
consideration of hybrid metrics like IA and CAV .

The efficiencies of the duration metrics defined above are compared by plotting
lnCCR against lnDuration Ratio or lnDR, similar to Figure 2.8. There is, how-
ever, some ambiguity in the definition of a few of the duration metrics defined above
when records are scaled to cause structural collapse. This ambiguity arises because
the Db0.05, IA, and CAV of a ground motion change as it is scaled. Thus, in this
context, the duration measure is not unique, and could, for example, refer to either
the duration of the original ground motion, or of the ground motion scaled to the
collapse intensity, following IDA procedure. Both interpretations are considered in
the following comparison.
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The R2 statistics for the duration metrics are summarized in Table 2.2, where
values for Db0.05, CAV , and IA are reported both for the original and scaled ground
motions. The values in the first (Ds5−75 set) column are for the record sets discussed
previously; values in the other columns are for alternative record sets that are dis-
cussed below. In the “Ds5−75 set” column, all duration metrics computed from the
unscaled ground motions have R2 values between 0.13 and 0.20, and the regression
analyses exhibit similar decreasing trends between lnCCR and lnDR, as observed for
the Ds5−75 data in Figure 2.8. The Db0.05, CAV , and IA metrics computed from the
scaled ground motions (shaded rows in Table 2.2), however, do not share this trend.
For the scaled CAV and IA, lnCCR is found to increase, rather than decrease, with
lnDR. Figure 2.9 shows the different regression lines obtained when IA is computed
from the original and scaled records. This difference is due to the inherent positive
correlation of these scaled duration metrics to the estimated collapse capacity. By
definition, Db0.05, CAV , and IA increase as the ground motion is scaled up, so if
a ground motion is scaled up by a factor x (x > 1), CAV increases by a factor of
x, IA increases by a factor of x2, and Db0.05 increases, though in a less predictable
manner. This variation in the duration metrics with scaling, coupled with the fact
that the short duration records need to be scaled to higher intensities to cause struc-
tural collapse than the long duration records, is the cause of the inconsistent trends.
Apart from their self-fulfilling correlation to the estimated collapse capacity, dura-
tion metrics that are influenced by scaling pose the more obvious problems of having
ambiguous values. One could imagine, for example, that if durations were defined at
the scaled collapse intensity, then the duration metrics would be structure-dependent
and determinable only after conducting an IDA. Thus, duration metrics that do not
vary with scaling, such as significant duration and ID, are better suited than others to
analysis applications where ground motions are routinely scaled, such as conducting
IDA.

The results discussed thus far are based on pairs of long and short duration ground
motions that were chosen based on their Ds5−75 values. To verify that the results
were not biased by this initial selection, the same analyses were repeated using long
and short duration record sets of roughly the same size, chosen using Db0.05 and
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Figure 2.9: Log-log plots of Collapse Capacity Ratio vs. Duration Ratio, with least
squares regression lines, where duration is represented by Arias intensity computed (a)

from the original ground motion and (b) when scaled to the collapse intensity.
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Table 2.2: Summary of R2 statistics for all considered duration metrics computed using
three long duration record sets chosen based on Ds5−75, Ds5−95, and Db0.05 and their

corresponding spectrally equivalent, short duration record sets.

Duration Metric
R2 statistic

Ds5−75 set Ds5−95 set Db0.05 set

5–75% significant duration (Ds5−75) 0.20 0.18 0.09
5–95% significant duration (Ds5−95) 0.16 0.16 0.06
0.05 g bracketed duration (Db0.05) 0.13 0.19 0.08
ID (Cosenza and Manfredi 1997) 0.17 0.16 0.10
Cumulative absolute velocity (CAV ) 0.20 0.18 0.09
Arias intensity (IA) 0.17 0.17 0.06
Db0.05 when scaled to cause collapse 0.09 0.05 0.04
CAV when scaled to cause collapse 0.01 0.00 0.04
IA when scaled to cause collapse 0.32 0.20 0.33

Ds5−95 to distinguish long from short records. Records with Db0.05 greater than 55 s
or Ds5−95 greater than 45 s were identified as long duration records. Proceeding in
the same manner as before, the record sets were selected, IDAs were conducted, and
regression analyses were carried out for lnCCR against lnDR, for all the duration
metrics. The trends from the two sets of analyses were found to be similar to those
shown previously in Figures 2.8 and 2.9, and the R2 statistics are summarized in the
last two columns of Table 2.2. Although the specific values of the R2 statistics are
different for the three sets (Ds5−75, Ds5−95, and Db0.05), the trends between duration
metrics within each set are similar.

Scalar intensity measures (IMs), such as CAV , IA, and source magnitude, which
implicitly incorporate information about the amplitude and duration of a ground mo-
tion, are often used in geotechnical earthquake engineering to assess the deformation
and liquefaction potential of soil deposits (Kayen and Mitchell 1997; Kramer and
Mitchell 2006; Sideras and Kramer 2012). For structural analysis and performance
assessment, however, a more explicit description of the site hazard in terms of a vec-
tor of response spectral ordinates is preferred since the wide range of engineering
demand parameters (EDPs) considered for different structures, are each sensitive to
different components of the vector. This vector IM is used to define a target response
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spectrum, such as a conditional spectrum, which quantifies a target intensity and
response spectral shape for selecting ground motions. Where a duration metric is to
be added to this vector IM, it should provide non-redundant information that is not
already quantified by the other components of the vector. It should, therefore, be in-
dependent of ground motion intensity. Among the duration metrics described above,
a statistical analysis of records collected for this study confirm that Db0.05, CAV , and
IA are all strongly correlated to common IMs like PGA, PGV, and Sa(1 s, 5 %). This
lack of independence implies that they would not be effective duration metrics to add
to a vector IM.

To further explore the suitability of alternative duration metrics, three additional
long duration record sets based on ID, CAV , and IA were developed. An analysis
of the selected records revealed that screening ground motions using CAV and IA

can lead to the unintended selection of ground motions with large acceleration values
over a short time interval, i.e., ground motions with large CAV and IA values, but
small durations of strong shaking. In addition, certain duration metrics can lead to
the selection of ground motions with biased spectral shapes. This is illustrated in
Figure 2.10, where the geometric mean response spectra of all six long duration sets,
created by screening using the six duration metrics, are compared. The response
spectra are all normalized to have Sa(1.6 s, 5 %) = 1 g, and are plotted against two
common benchmark ground motion sets: the FEMA P695 far-field set (FEMA 2009b)
and PEER Transportation set 2 (Baker et al. 2011). The record sets screened using
ID, CAV , and IA (Figure 2.10a) are observed to have significantly different spectral
shapes, when compared to the benchmark sets and the record sets screened using
Ds5−75, Ds5−95, and Ds0.05 (Figure 2.10b).

Finally, a qualitative comparison of the considered duration metrics is summarized
in Table 2.3, where the metrics are judged according to several practical criteria.
Based on this comparison, significant duration is identified as the preferred duration
metric for use in ground motion selection for structural performance assessment. The
choice between 5–75% and 5–95% significant duration is less clear, though in the
case of the structural models considered in this study, the authors found 5–75%
significant duration to be slightly more robust since it consistently produced higher
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Figure 2.10: Comparison of the geometric mean response spectra of the long duration sets
screened using all six duration metrics, to those of benchmark ground motion sets, scaled

to have Sa(1.6 s, 5 %) = 1 g.
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Table 2.3: Comparison of the characteristics of the duration metrics considered.

Desired characteristic
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Is not strongly correlated to common
intensity measures 3 3 7 7 7

Is not a hybrid metric of intensity and
duration 3 3 3 7 7

Is unaffected by scaling 3 3 7 7 7

Is an efficient predictor of structural
collapse capacity (R2 statistic from
Table 2.2 is not too low)

3 3 3 3 3

All ground motions with large values of
the metric actually have long intervals of
strong shaking

3 3 3 7 7

Ground motions with large values of the
metric do not have unusual spectral
shapes

3 7 3 7 7

R2 values in Table 2.2. As noted by Kempton and Stewart (2006), since 5–75%
significant duration is correlated to the duration of body wave arrivals alone, and
5–95% significant duration is also influenced by the later surface wave arrivals, the
choice between the two is expected to be structure dependent. Nevertheless, the
procedure developed in this study can be used to assess the efficiency of any other
duration metric in predicting structural collapse capacity.
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2.7 Sensitivity analysis of the effect of duration to

the parameters of a reinforced concrete bridge

pier model

To investigate the interaction of structural characteristics with the effect of ground
motion duration, a bridge pier structure was employed, since in contrast to the larger
steel frame model, its fewer degrees of freedom facilitated systematic variation of
structural model parameters. The base model is of a reinforced concrete bridge pier
that was previously tested as part of the Concrete Column Blind Prediction Con-
test (PEER 2010a). The structure was modeled in OpenSees rev. 5184 (McKenna
et al. 2006) using a linear elastic element connected to the base through a zero-length
plastic hinge, following the Modified Ibarra-Medina-Krawinkler peak-oriented hys-
teretic model (Ibarra et al. 2005). Similar to the bilinear hysteretic model used in
the five-story moment frame model, the peak-oriented model combines a post-peak
negative stiffness branch of the backbone curve to capture in-cycle strain-softening
and a cyclic model to capture strength and stiffness deterioration based on the cumu-
lative hysteretic energy dissipated. The destabilizing P−∆ effect of gravity loads was
incorporated in the model. A schematic of the model is shown in Figure 2.11a. The
parameters of the model were calibrated to experimental measurements, the results
of which are compared in Figure 2.11b. Its fundamental period is 1.2 s.

The spectrally equivalent, long and short duration record sets chosen based on
Ds5−75 were used to conduct IDA on the base model. Collapse was indicated by
an unbounded increase in peak chord rotations, above a threshold of 0.16 rad. The
percentage decrease in the median collapse capacity estimated by the long duration
set, with respect to the short duration set, is 17%. This is in contrast to a decrease
of 29% reported previously for the moment frame.

To examine how the response of the bridge pier would vary depending on design
parameters that control its strength, stiffness, or deformation capacity, the sensitiv-
ity of the effect of duration to two model parameters is examined. The two model
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Figure 2.11: Reinforced concrete bridge pier: (a) Model schematic. (b) Calibration of
model to test measurements.
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parameters are γ and θp, both of which are expected to influence the cyclic deteriora-
tion and collapse response. The first parameter, γ, is a dimensionless factor used to
define the rate of cyclic deterioration in the structure. The deterioration algorithm
of the Modified Ibarra-Medina-Krawinkler hysteretic model first defines the reference
hysteretic energy dissipation capacity of the structure, Et, as

Et = γMyθy (2.3)

where My is the yield moment and θy is the yield chord rotation of the structure.
Thereafter, the structure’s strength is deteriorated after every hysteretic excursion
according to

Mi = (1− βi)Mi−1 (2.4)

βi =

(
Ei

Et −
∑i

j=1Ej

)c

(2.5)

where Ei is the hysteretic energy dissipated in the ith excursion,Mi is the deteriorated
strength after the ith excursion, and c is an exponent, commonly set to 1. The larger
the value of γ, the larger the reference hysteretic energy dissipation capacity of the
structure, and therefore, the slower the rate of deterioration. The second parameter,
θp, is the plastic chord rotational capacity of the structure measured from the yield
point to the peak point. The larger the value of θp, the more ductile the structure.
The ranges over which γ and θp were varied in this study are based on the ranges of
observed values of each parameter in a reinforced concrete column calibration study
by Haselton et al. (2008).

The effect of duration in all subsequent analyses is quantified by the percentage
decrease in median collapse capacity estimated by the long duration set, with respect
to the short duration set. The variation of this difference in median collapse capacity
with γ, with all other model parameters held constant, is plotted in Figure 2.12a. As
shown, the value of γ for the base model is equal to 120, representing a well-confined,
ductile bridge column. For lower values of γ, the influence of duration is more pro-
nounced, with the difference in median collapse capacity increasing from 17% for the
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base model up to almost 33% for columns with lower energy dissipation capacities.
Under increasing γ, the difference in median collapse capacity tends to saturate at
about 8%. This reduced effect of duration with high γ is intuitively expected, and is
consistent with many previous studies on duration that used numerical models that
did not incorporate deterioration, and hence, observed little or no effect of duration.
The residual reduction in median collapse capacity of about 8% is presumably due to
cyclic ratcheting effects, where the structure ultimately fails at large drifts by P −∆

effects. This so-called ratcheting effect has been observed previously by Gupta and
Krawinkler (2000), and is expected to abet the collapse of a structure subjected to
long duration shaking. This trend with energy dissipation appears to differ from
that of a recently published study by Raghunandan and Liel (2013), the reasons for
which are not obvious. The two studies are, however, not directly comparable due
to differences in ground motion selection methodology, and the use of inelastic rather
than elastic spectra as the ground motion intensity measure. The apparent differ-
ences point to a need for further understanding of the role of cyclic deterioration and
collapse assessment methodology on the observed effect of duration.

The interaction of cyclic deterioration and duration of loading on collapse is further
illustrated in Figure 2.13. Figures 2.13a and 2.13b compare the hysteretic response of
the base model (with γ = 120) under typical short and long duration ground motions
respectively, scaled to the onset of collapse. Since the structure subjected to the long
duration ground motion experiences a larger number of hysteretic cycles, it deterio-
rates more, and thus, collapses at a lower ground motion intensity when compared
to the short duration ground motion. Figure 2.13c shows the hysteretic response of
the model with lesser energy dissipation capacity (with γ = 40) under the same long
duration ground motion as Figure 2.13b. Comparing Figures 2.13b and 2.13c, the
model that deteriorates faster leads to collapse at an even lower intensity.

The variation in the difference in median collapse capacity with θp is plotted in
Figure 2.12b. Interestingly, here there is a near linear increase in the difference in
median collapse capacity with increasing rotational capacity. This again follows in-
tuition since a non-ductile structure (with low θp) would collapse soon after yielding,
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Figure 2.12: Sensitivity of the percentage decrease in median collapse capacity estimated
by the long duration set, with respect to the short duration set, to (a) γ: parameter
controlling the rate of deterioration, and (b) θp: the plastic rotational capacity from yield

to capping.
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Figure 2.13: Hysteresis plots of the bridge pier chord rotation for (a) the base model (with
γ = 120) under a short duration ground motion, (b) the base model (with γ = 120) under
a long duration ground motion, and (c) a model with γ = 40 under same long duration

ground motion, when scaled to the onset of collapse.
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without much cyclic degradation, thus negating the influence of ground motion dura-
tion on collapse capacity. This result is consistent with the findings of Raghunandan
and Liel (2013), suggesting that ground motion duration can have a more significant
effect on modern, ductile structures than older, non-ductile structures.

2.8 Conclusion

Ground motion duration was found to exert a significant influence on structural col-
lapse capacity. This effect was observable using numerical models that accurately
characterized structural behavior at large non-linear deformations, including the in-
cycle and cyclic deterioration of strength and stiffness of structural components, and
destabilizing P − ∆ effects. The effect of duration was isolated from the effects of
other ground motion characteristics using “spectrally equivalent” sets of long and
short duration records. A set of high intensity, long duration records from large mag-
nitude earthquakes, including the 2011 Tohoku (Japan), 2010 Maule (Chile), and
2008 Wenchuan (China) earthquakes, was assembled. Each long duration record was
paired with a spectrally equivalent short duration record. Each set contains 146
records, and the geometric mean 5–75% significant duration of the short and long
duration record sets are 6 s and 42 s, respectively.

Non-linear dynamic analyses of a five-story steel special moment frame revealed
a 29% decrease in median collapse capacity estimated by the long duration set, com-
pared to the short duration set. Using the seismic hazard information for the building
site, this was found to correspond to a three-fold increase in the estimated mean an-
nual frequency of collapse, and a seven-fold increase in the probability of collapse
at the MCER intensity. Statistics analyzing the spectrally equivalent record pairs
indicated that the larger the difference in their durations, the lower the collapse
capacity predicted by the long duration record with respect to the short duration
record. Non-linear analyses of a ductile concrete bridge pier model showed a 17%
reduction in median collapse capacity estimated by the long duration set, compared
to the short duration set. The reduction in collapse capacity with increasing ground
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motion duration is in contrast to many previous studies that found little or no influ-
ence of duration on peak deformations, suggesting that the models employed in these
prior studies may not have fully captured the deterioration of structural strength and
stiffness, and/or the destabilizing P − ∆ effect of gravity loads. The structures in
these studies also may not have been deformed far enough into the inelastic range
for them to experience significant deterioration and consequent destabilization. Para-
metric studies demonstrated how the influence of duration depends on ductility and
deterioration parameters of the structural model. Structures exhibiting rapid cyclic
deterioration and with greater deformation capacity were found to be more sensitive
to duration.

The effect of duration on peak global deformations was only observed at intensity
levels large enough to produce non-linear deformations that extend into the post-peak
range of the plastic hinges (at story drift ratios on the order of 0.03 rad for the steel
moment frame). For new structural designs, this is likely to only occur above the
MCER intensity level. Therefore, for modern code-conforming structures, analyses
conducted at or below the MCER level are not expected to detect ground motion
duration effects. This is in spite of the fact that under more intense ground motions,
longer duration shaking can reduce the collapse capacity. This raises concerns since
the current practice of assessing structures by non-linear dynamic analyses at MCER

intensities, using predominantly short duration ground motions, may lead to designs
with lower margins against collapse in locations where long duration ground motions
can be expected.

A comparison of duration metrics found significant duration to be the preferred
duration metric for use in ground motion selection for structural performance assess-
ment. Although 5–75% significant duration was found to be slightly more robust
than 5–95% significant duration for the considered structural model, they both ap-
pear to be effective. A key consideration in this choice was that significant duration
tends to be uncorrelated to ground motion intensity and response spectral shape,
and thus, is convenient to consider as an additional independent parameter in vector
seismic hazard analysis. The procedure developed here can also be used to assess
the efficiency of any other duration metric in predicting structural collapse capacity.
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This study highlights the need to consider ground motion duration, in addition to
intensity and response spectral shape, in regions where significant hazard due to long
duration shaking exists, such as locations susceptible to large magnitude, subduction
zone earthquakes. Further research is warranted to assess the influence of duration
on seismic risk, based on a complete characterization of the seismic hazard in such
regions, including the durations of anticipated ground motions.



Chapter 3

Physical mechanisms underlying

the influence of ground motion

duration on structural collapse

capacity

Adapted from Chandramohan, R., J. W. Baker, and G. G. Deierlein (2017). “Physical
mechanisms underlying the influence of ground motion duration on structural collapse
capacity”. 16th World Conference on Earthquake Engineering. Santiago, Chile.

3.1 Abstract

This study explores the physical mechanisms by which the duration of strong ground
motion influences structural response. While a number of previous studies have found
that ground motion duration influences only cumulative damage indices, and not
peak structural deformations, a few recent studies that employed realistic, deteri-
orating structural models were able to demonstrate the effect of duration on peak
deformations and structural collapse capacity. These recent studies were, however,
empirical in nature and did not fully explore the reasons behind the observed effects
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of duration. Many of the previous studies qualitatively attributed the effects to the
cyclic deterioration of strength and stiffness of the structural components, which rep-
resents just one mechanism by which duration exerts its influence. In contrast, the
present study shows that the gradual ratcheting of drifts, accentuated by the destabi-
lizing P −∆ effect, is an equally important mechanism by which duration influences
structural response. The relative contributions of the two mechanisms—cyclic deteri-
oration and ratcheting—to the observed influence of duration on the collapse capacity
of a five-story steel moment frame building, are quantified by conducting incremental
dynamic analysis (IDA) using spectrally equivalent sets of long and short duration
ground motions. The use of spectrally equivalent ground motions allows controlling
for the effect of response spectral shape. A response parameter called the ratcheting
interval is defined and used to explain the larger potential for a long duration ground
motion to cause structural collapse, when compared to a spectrally equivalent short
duration ground motion scaled to the same intensity level. These findings shed light
on the interaction between structural model characteristics and the observed influ-
ence of ground motion duration on structural response. In addition, they highlight
the importance of using models that capture both cyclic deterioration and the P −∆

effect to reliably account for the effect of ground motion duration when assessing
structural collapse risk.

3.2 Introduction

A number of past and recent research efforts have focused on analyzing the influence of
ground motion duration on structural response (Hancock and Bommer 2006). As ex-
pected, many of them found duration to be strongly correlated to cumulative damage
metrics like total dissipated hysteretic energy and accumulated plastic strain. Since
a number of these studies employed simplistic, non-deteriorating structural models,
however, they did not observe any effect of duration on peak structural deformations
(e.g., Cornell 1997; Bommer et al. 2004; Iervolino et al. 2006; Hancock and Bom-
mer 2007; Oyarzo-Vera and Chouw 2008; Raghunandan and Liel 2013; Barbosa et al.
2014; Hou and Qu 2015; Mantawy and Anderson 2015). In light of these findings, and
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the prevalent use of acceptance criteria for structural design and assessment based
on peak structural deformations, ground motion duration is not explicitly considered
in current structural design and assessment standards (e.g., PEER TBI 2010; NIST
2011; ASCE 2016).

Recent studies by the authors and others, using more realistic structural models
that simulate structural behavior at large nonlinear deformations more accurately,
have, however, demonstrated that duration does influence peak structural deforma-
tions (e.g., Raghunandan and Liel 2013; Chapter 2/Chandramohan et al. 2016b).
This effect of duration was observed at ground motion intensities large enough to
produce significant inelastic deformations, thereby manifesting itself as a reduction
in the collapse capacity of a structure when analyzed under long duration ground
motions. These observations are, however, empirical in nature, and do not exam-
ine the physical mechanisms underlying the observed effect of duration. While most
studies qualitatively attribute the effect of duration to the deterioration in strength
and stiffness of structural components under cyclic loading (e.g., Bommer et al. 2004;
Beyer and Bommer 2007; Chapter 2/Chandramohan et al. 2016b; Marafi et al. 2016),
few have examined the contributions of other mechanisms or attempted to quantify
their relative contributions.

The objective of this study is to obtain a deeper understanding of the reasons
underlying the observed influence of ground motion duration on structural collapse
capacity, i.e., the physical mechanisms that enable long duration ground motions to
cause structural collapse at lower intensity levels than short duration ground motions.
While structural deterioration is definitely expected to be an important factor, the
gradual ratcheting of drifts, exacerbated by the destabilizing P −∆ effect of gravity
loads (Gupta and Krawinkler 2000), has also been observed to play a significant
role. Although ASCE 41-13 (ASCE 2013, p. 98), Chapter 2/Chandramohan et al.
(2016b), Mahin (1980), Takizawa and Jennings (1980), Hancock and Bommer (2006),
PEER (2010b) (p. 2-34), and ASCE (2013) (p. 98) have previously alluded to the
possible amplification of deformations under long duration ground motions due to
the P − ∆ effect, the actual mechanism by which long duration ground motions
influence structural collapse by ratcheting has not yet been investigated. This study
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quantifies the relative contributions of deterioration and ratcheting to the sensitivity
of a ductile five-story steel moment frame building to ground motion duration. The
effect of duration on the collapse capacity of the structure is quantified using sets of
spectrally equivalent long and short duration ground motions, which help control for
the effect of response spectral shape (Chapter 2/Chandramohan et al. 2016b). The
relative contribution of each physical mechanism is evaluated by analyzing a series
of different permutations of the original structural model. A response parameter
called the ratcheting interval, computed from a smoothed story drift ratio (SDR)
time history, is introduced and employed to explain the larger potential for a long
duration ground motion to cause structural collapse by ratcheting, when compared
to a spectrally equivalent short duration ground motion scaled to the same intensity
level.

3.3 Steel moment frame model

A ductile five-story steel moment frame building, located in San Francisco, and pre-
viously analyzed in Chapter 2/Chandramohan et al. (2016b) and FEMA (2014), was
chosen to demonstrate the contributions of the deterioration and ratcheting mecha-
nisms to the observed effect of duration on structural collapse capacity. The frame
was designed with strong columns and relatively weak beams with RBS hinges, as
illustrated in Figure 3.1. The large strong-column-weak-beam ratio ensures sufficient
engagement of all stories under earthquake excitation, without forming any story
mechanisms, i.e., without any localization of plastic deformation at only a few sto-
ries. Consequently, structural collapse always occurs in the same sidesway collapse
mechanism involving all stories, irrespective of whether it is caused by a short or long
duration ground motion. Controlling the collapse mechanism in this manner helped
prevent any differences in the collapse mechanism when analyzing the structure un-
der long and short duration ground motions, from confounding the results. Results
obtained using this structure are also expected to be representative of other modern,
code-conforming structures.

A two-dimensional centerline model of the structure was created and analyzed
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Figure 3.1: Schematic of the numerical model of the five-story steel special moment frame
building.

using OpenSees rev. 5184 (McKenna et al. 2006). A schematic of this model is il-
lustrated in Figure 3.1. Each story of the structure is 3.96m tall, and each bay is
8.84m wide. The beams and columns were modeled using linear elastic elements,
with all the inelastic deformation concentrated in zero-length plastic hinges located
at the RBS hinges on each beam, and at the ends of each column. The hysteretic be-
havior of the plastic hinges was modeled using the bilinear Ibarra-Medina-Krawinkler
hysteretic model (Ibarra et al. 2005), modified as per the recommendations of Lignos
and Krawinkler (2012). This model incorporates (i) a post-capping negative stiffness
branch of the backbone curve to capture in-cycle deterioration; and (ii) an algorithm
to cyclically deteriorate both strength and stiffness based on the cumulative hysteretic
energy dissipated. The parameters of the model were computed using the equations
proposed by Lignos and Krawinkler (2011). The hysteretic shear behavior of the
finite panel zones was modeled using a trilinear backbone curve, whose parameters
were computed using the equations described in FEMA (2000). Geometric nonlin-
earity was modeled using a small-displacement, linear P − ∆ formulation, and the
contribution of the adjacent gravity frame to the destabilizing P −∆ effect was cap-
tured using a pin-connected leaning column. A linear viscous damping ratio of 2% of
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critical was assigned to the linear elastic elements only, as recommended by Charney
(2008). The elastic fundamental period of the structure is 1.64 s. All response history
analyses of the structure were carried out using the explicit central difference time
integration scheme, since it was found to be more robust and efficient than implicit
time integration schemes, which sometimes failed to converge (Chapter 7).

3.4 Spectrally equivalent long and short duration

record sets

This study employs 5–75% significant duration (Ds5−75) (Trifunac and Brady 1975)
to quantify the duration of strong shaking contained in an accelerogram. This metric
was shown to be better suited than other duration metrics to guide the selection
of ground motions for structural collapse capacity estimation, in a previous study
by the authors (Chapter 2/Chandramohan et al. 2016b). It is defined as the time
interval over which 5% to 75% of the integral

∫ tmax

0
a2(t)dt is accumulated, where

a(t) represents the ground acceleration at time t, and tmax represents the length of
the accelerogram.

The FEMA P695 (FEMA 2009b) far-field record set consists of 22 orthogonal
pairs of horizontal ground motions (44 individual components) recorded from shallow
crustal earthquakes. Since all 44 records in this set are of relatively short duration
(with Ds5−75 < 25 s), it will henceforth be referred to as the short duration set. Cor-
responding to each individual ground motion in the short duration set, a companion
long duration ground motion (with Ds5−75 > 25 s) with a closely matching response
spectral shape was selected to form a spectrally equivalent long duration set. These
long duration ground motions were selected from a database consisting of more than
4000 ground motions recorded from large magnitude earthquakes like 2010 Maule
(Chile), 2011 Tohoku (Japan), and 2008 Wenchuan (China). A procedure similar to
the one described in Chapter 2/Chandramohan et al. (2016b) was followed to find the
long duration record from the database with the closest matching response spectral
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shape, while imposing an upper limit of 5.0 on the intensity scaling factor. The re-
sponse spectra and acceleration time histories of one of the spectrally equivalent long
and short duration record pairs are plotted in Figure 3.2; histograms of the durations
of the ground motions in the two sets are plotted in Figure 3.3. Detailed information
regarding the short and long duration record sets, including response spectra and time
series plots, is provided in Appendix A. Since the records in the two sets are selected
to have equivalent response spectra, it is assumed that any observed differences in
the response of a structure analyzed using them can be attributed to the difference in
their durations. It was shown in Chapter 2/Chandramohan et al. (2016b) that this
record selection procedure does not introduce any significant biases with respect to
other ground motion characteristics that may influence structural response.

3.5 Relative contributions of cyclic deterioration

and the P −∆ effect to the observed influence

of duration

The long and short duration record sets were each used to estimate the median col-
lapse capacity of the steel moment frame building by conducting incremental dynamic
analysis (IDA) (Vamvatsikos and Cornell 2002). This entails incrementally scaling
each ground motion to higher intensity levels until it causes structural collapse, which
is indicated by the unbounded increase in the story drift ratio (SDR) at any story
above a threshold of 0.10. The lowest Sa(1.64 s) value that a ground motion needs
to be scaled to, to cause structural collapse, is called its collapse intensity ; where
Sa(1.64 s) represents the 5% damped pseudo spectral acceleration at the elastic fun-
damental period of the structure. The median collapse capacity of the structure is
then estimated as the geometric mean of the collapse intensities of all the ground
motions in a set, assuming the structural collapse capacity follows a lognormal distri-
bution. The median collapse capacity of the structure was estimated as 0.98 g using
the short duration set and 0.71 g using the long duration set. The lower median col-
lapse capacity estimated the long duration records implies that they are inherently
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Figure 3.2: Comparison of the (a) response spectra and acceleration time histories of
the (b) short and (c) long duration ground motions constituting one of the 44 spectrally
equivalent record pairs. The short duration ground motion is from the 1979 Imperial Valley
(USA) earthquake, recorded at the El Centro Array #11 station, and has a Ds5−75 of 5 s.
The long duration ground motion is from the 2011 Tohoku (Japan) earthquake, recorded
at the Nagawa (AOMH17) station, scaled by a factor of 2.76, and has a Ds5−75 of 53 s.
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Figure 3.3: Histograms of the 5–75% significant durations (Ds5−75) of the ground motions
in the spectrally equivalent long and short duration record sets.

more damaging than the short duration records. Since the two sets are spectrally
equivalent, the 28% difference in estimated median collapse capacity is a measure of
the influence of ground motion duration on structural collapse capacity.

The characteristics of the structural model that enabled the effect of duration to
be observed were identified by repeating the analysis using various permutations of
the structural model. To assess the contribution of cyclic deterioration to the observed
effect of duration, a modified version of the structural model was re-analyzed with
the cyclic deterioration of the strength and stiffness of all the plastic hinges disabled.
The effect of duration on structural collapse capacity in these analyses was reduced to
18% from the original 28%. This residual effect of duration alludes to the existence
of mechanisms other than cyclic deterioration by which duration influences structural
response. The contribution of the P −∆ effect was investigated next by repeating the
analysis using a version of the structural model with cyclic deterioration enabled, but
the P −∆ effect disabled. The influence of duration on structural collapse capacity
was computed to be 17% in this case, which is nearly equal to the value obtained
when only cyclic deterioration was disabled, implying that both cyclic deterioration
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and the P −∆ effect contribute nearly equally to the observed influence of duration
on the steel moment frame building. Finally, when both cyclic deterioration and the
P−∆ effect are disabled, the effect of duration is reduced to −1%, which is very close
to zero. This implies that cyclic deterioration and the P −∆ effect are the two major
contributors to the observed effect of duration, and that both their contributions
are equally significant. Ignoring either of the two characteristics when modeling a
structure could, therefore, result in inaccurate structural collapse risk estimates. It
is worth noting that for the analyses conducted on structural models with the P −∆

effect disabled, the IDA curves do not flatten, i.e., collapse by dynamic instability
is not simulated at or below a peak SDR of 0.10. Nonetheless, the collapse peak
SDR threshold of 0.10 is still enforced to maintain consistency with the other cases.
The median collapse capacities computed using each record set for all four structural
model permutations discussed above, are summarized in Table 3.1. The reason why
the deterioration in component strength and stiffness over subsequent inelastic cycles
could enable longer duration ground motions to cause structural collapse when scaled
to lower intensities, is fairly obvious. The reason why modeling the P − ∆ effect
should produce a similar result is, however, not as intuitive. It is hypothesized that
the P − ∆ effect enables long duration ground motions to cause structural collapse
by ratcheting.

3.6 Effect of duration explained by the ratcheting

collapse mechanism

Ratcheting is a mode of sidesway collapse observed in ductile structures, whereby
an initial inelastic excursion in one direction, concentrated in one or more stories,
produces amplified P−∆ moments in that direction. These P−∆ moments encourage
further inelastic deformation to occur in the same direction under continued ground
excitation, thereby producing even larger P − ∆ moments, which finally lead to
dynamic instability and sidesway collapse. Structural collapse by ratcheting can,
therefore, be broadly viewed as a two-stage process: (i) the creation of an initial
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Table 3.1: Summary of the median collapse capacities of the steel moment frame building
estimated using the two spectrally equivalent record sets for all considered structural model
permutations. The effect of duration is computed for each case as the percentage decrease
in the median collapse capacity estimated using the long duration set, with respect to the

short duration set.

Structural model
incorporates

Median collapse capacity
estimated using

Percentage
decrease in
median
collapse
capacityDeterioration P −∆

effect
Short duration

set (g)
Long duration

set (g)

3 3 0.98 0.71 28

3 1.02 0.84 18

3 1.15 0.95 17

1.23 1.24 −1

inelastic excursion, whose magnitude is primarily a function of the ground motion
intensity; and (ii) the subsequent gradual amplification of drifts due to the P − ∆

moments, which is primarily a function of the duration of strong shaking following
the initial excursion. Short duration ground motions cause structural collapse at
relatively large ground motion intensities since they rely on large initial inelastic
excursions to cause dynamic instability. Long duration ground motions, on the other
hand, are able to cause structural collapse at lower ground motion intensities since the
smaller initial inelastic excursions produced at these lower intensities are gradually
amplified by ratcheting until the eventual onset of dynamic instability later in the
time series. A response parameter called the ratcheting interval is defined below and
used to illustrate this phenomenon.

The ratcheting interval is computed from the SDR time history at the story where
the collapse threshold is first exceeded. Hence, it is computable only when the ground
motion is scaled at or above its collapse intensity. The SDR time history is first
smoothed using the locally weighted scatterplot smoothing (LOWESS) (Cleveland
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1979) technique as demonstrated in Figures 3.4a, 3.4b, and 3.4c. The ratcheting in-
terval is then computed as the time elapsed from the last point where the smoothed
SDR time history exceeds a threshold of 0.01 until the first point where the actual
SDR time history exceeds the collapse threshold of 0.10. It is an approximate mea-
sure of the time interval over which drifts are amplified by ratcheting before sidesway
collapse due to dynamic instability occurs. Smoothed and thresholded SDR time his-
tories computed from all the long and short duration ground motions, scaled to their
respective collapse intensities, are plotted in Figure 3.5a. Histograms of the ratchet-
ing intervals computed from these smoothed time histories are plotted in Figure 3.5b.
The long duration ground motions are observed to exhibit longer ratcheting intervals
(median of 22 s) on average, when compared to the short duration ground motions
(median of 8 s), implying that the ratcheting collapse mode is more dominant under
the long duration ground motions when they are each scaled to their respective col-
lapse intensities. It is worth noting that the ground motion collapse intensities were
estimated to a precision of 0.01 g when conducting IDA, and longer ratcheting inter-
vals may have been computed for some ground motions if their collapse intensities
were estimated to a finer precision. This is not, however, expected to significantly
influence the obtained results.

As demonstrated in Figure 3.4, when the long duration ground motions are scaled
above their respective collapse intensities, the ratcheting intervals they produce tend
to decrease. Therefore, as they are incrementally scaled above their collapse intensi-
ties, the mode of collapse they trigger transitions closer to what was observed under
the short duration ground motions. The decreasing trend in the median ratcheting
intervals produced by the long and short duration records as they are scaled above
their collapse intensities, is evident from Figure 3.6. The reason why the median
ratcheting interval produced by the long duration records oscillates and saturates
beyond a geometric mean Sa(1.64 s) of about 1.00 g, is discussed later. The median
was chosen over the geometric mean to summarize the ratcheting intervals, since it
is not affected in instances when ground motions produce a ratcheting interval of
0 s. Ground motions that did not cause structural collapse when scaled to certain
intensity levels above their collapse intensities, by a phenomenon called resurrection
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Figure 3.4: Smoothed time histories of the SDR at the fifth story, under the long du-
ration ground motion from the 2011 Tohoku (Japan) earthquake, recorded at the Nagawa
(AOMH17) station, scaled to (c) its collapse intensity level: Sa(1.64 s) = 0.53 g, and two
higher intensity levels: (b) 0.57 g and (a) 0.61 g. The parts of the smoothed SDR time his-
tories used to compute the ratcheting interval are plotted in red. The original accelerogram,
scaled by a factor of 2.76 (the scale factor used during record selection), is plotted in (d).
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Figure 3.5: (a) Smoothed SDR time histories at the controlling story under all ground
motion from the two sets scaled to their respective collapse intensities, plotted from the
last point the smoothed time history exceeds a threshold of 0.01, until the first point the
actual SDR time history exceeds the collapse threshold of 0.10; and (b) histograms of the
ratcheting intervals computed from these smoothed and thresholded SDR time histories.
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(Vamvatsikos and Cornell 2002), were excluded from the computation of the median
ratcheting interval at that intensity level. When the long duration records are scaled
such that their geometric mean Sa(1.64 s) value is close to 0.98 g: the geometric mean
collapse intensity of the short duration records, they produce a median ratcheting
interval almost equal to that produced by the short duration records scaled to their
respective collapse intensities. In other words, at this intensity level, both long and
short duration ground motions trigger similar modes of collapse. Therefore, as the
long duration records are scaled above their collapse intensities, the initial inelastic
excursions they produce become large enough to cause structural collapse due to dy-
namic instability earlier in the time series, in a manner similar to the short duration
ground motions. The remaining duration of strong shaking contained in the long
duration accelerograms represents their unused, redundant potential to cause struc-
tural collapse by ratcheting. This helps explain why a long duration ground motion
is more likely to cause structural collapse than a short duration ground motion with
a similar response spectral shape, scaled to the same intensity level, as observed pre-
viously in Chapter 2/Chandramohan et al. (2016b) and Chapter 4/Chandramohan
et al. (2016a).

The reason why the median ratcheting interval produced by the long duration
ground motions oscillates and saturates beyond a geometric mean Sa(1.64 s) of about
1.00 g, is demonstrated using a representative long duration ground motion in Fig-
ure 3.7. The expected decrease in ratcheting interval is observed as it is scaled from its
collapse intensity of Sa(1.64 s) = 0.76 g to 0.96 g. When scaled up to 1.18 g though, the
ratcheting interval increases since an earlier inelastic excursion has now grown large
enough to initiate the ratcheting of drifts until eventual collapse. This phenomenon is
responsible for the oscillations in the median ratcheting interval produced by the long
duration ground motions, observed in Figure 3.6. As the ground motion is scaled up
to 1.52 g, which is twice the collapse intensity level, the ratcheting interval decreases
again, as expected. The ratcheting interval does not decrease much below 18 s as
it is scaled further above 1.52 g, however, because of the unique nature of the ini-
tial portion of the long duration accelerogram, depicted in Figure 3.7e. The gradual
ramp in the amplitude of successive ground acceleration cycles over a duration of
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Figure 3.6: The median ratcheting intervals produced by the long and short duration
records are plotted against their respective geometric mean collapse intensities as stars. The
median ratcheting intervals produced by the records in both sets as they are incrementally

scaled above their collapse intensities, are plotted as circles.

about 20 s ensures that the smaller initial cycles are not capable of producing inelas-
tic excursions large enough to initiate ratcheting. This is the reason why the median
ratcheting interval of the long duration ground motions saturate at around 10 s, and
do not approach 0 s like the short duration ground motions.

3.7 Conclusion

The cyclic deterioration in strength and stiffness of structural components and the
ratcheting of drifts due to the P−∆ effect were shown to be the two major mechanisms
by which ground motion duration exerts an influence on the collapse capacity of a
ductile five-story steel moment frame building. The relative contributions of these
two mechanisms to the total observed effect of duration were quantified by conducting
incremental dynamic analysis on several permutations of a numerical model of the
steel moment frame building, using spectrally equivalent long and short duration
record sets. These record sets allowed assessing the influence of duration on structural
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Figure 3.7: Smoothed time histories of the SDR at the fifth story, under the long duration
ground motion from the 2011 Tohoku (Japan) earthquake, recorded at the Kakunodate
(AKT014) station, scaled to (d) its collapse intensity level: Sa(1.64 s) = 0.76 g, and three
higher intensity levels: (c) 0.96 g, (b) 1.18 g and (a) 1.52 g. The parts of the smoothed
SDR time histories used to compute the ratcheting interval are plotted in red. The original
accelerogram, scaled by a factor of 5.00 (the scale factor used during record selection), is

plotted in (e).
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collapse capacity while controlling for the effect of response spectral shape. The
analysis revealed that both mechanisms contributed almost equally to the observed
effect of duration. A response parameter called the ratcheting interval was defined
and used to describe how the gradual ratcheting of drifts due to P − ∆ moments
can enable a long duration ground motion to cause structural collapse when scaled
to a lower intensity level, compared to a short duration ground motion with a similar
response spectral shape.

These findings highlight the importance of using structural models that incor-
porate both cyclic deterioration and the P − ∆ effect, in conjunction with ground
motions of durations that closely represent the seismic hazard at the site, to accu-
rately estimate structural collapse risk. While modeling the P −∆ effect is relatively
straightforward and fairly commonplace, accounting for cyclic deterioration poses a
few additional challenges. The modified Ibarra-Medina-Krawinkler hysteretic model
employed in this study adopts a phenomenological approach to modeling the strength
and stiffness deterioration of structural components. For the analyzed steel moment
frame, this entails simulating a number of deterioration modes like local flange and
web buckling, lateral-torsional buckling, and crack initiation and propagation until
fracture (Krawinkler and Zohrei 1983; Deierlein et al. 2010), using a phenomenological
deterioration algorithm. Owing to the complexity of this behavior, the model param-
eters controlling component deterioration are associated with a relatively large degree
of uncertainty (Lignos and Krawinkler 2011). This motivates the need to develop and
use more realistic physics-based models that explicitly simulate the dominant modes
of deterioration. Efforts to calibrate the Ibarra-Medina-Krawinkler hysteretic model,
undertaken by Lignos and Krawinkler (2011), used measurements from experimental
tests that employed cyclic loading protocols derived predominantly from short dura-
tion ground motions (Bazaez and Dusicka 2016). Structural components are, however,
expected to exhibit different hysteretic behavior under loading protocols developed to
simulate long duration ground motions (FEMA 2009a; Krawinkler 2009; Bazaez and
Dusicka 2016). The observation that structural collapse under long duration ground
motions occurs predominantly by the gradual, unidirectional ratcheting of drifts, also
suggests that long duration cyclic loading protocols used to calibrate and validate
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analysis models should consider unsymmetrical loading response. Hence, the appli-
cability of the equations developed to predict median model parameters as functions
of member characteristics, when simulating structural response under long duration
ground motions, requires further investigation.



Chapter 4

Impact of hazard-consistent

ground motion duration in

structural collapse risk assessment

Adapted from Chandramohan, R., J. W. Baker, and G. G. Deierlein (2016). “Impact
of hazard-consistent ground motion duration in structural collapse risk assessment”.
Earthquake Engineering & Structural Dynamics 45 (8), pp. 1357–1379. doi: 10.

1002/eqe.2711.

4.1 Abstract

This study evaluates the effect of considering ground motion duration when selecting
hazard-consistent ground motions for structural collapse risk assessment. A proce-
dure to compute source-specific probability distributions of the durations of ground
motions anticipated at a site, based on the generalized conditional intensity measure
(GCIM) framework, is developed. Targets are computed for three sites in Western
USA, located in distinct tectonic settings: Seattle, Eugene, and San Francisco. The
effect of considering duration when estimating the collapse risk of a ductile rein-
forced concrete moment frame building, designed for a site in Seattle, is quantified
by conducting multiple stripe analyses using groups of ground motions selected using
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different procedures. The mean annual frequency of collapse (λcollapse) in Seattle is
found to be underestimated by 29% when using typical-duration ground motions from
the PEER NGA-West2 database. The effect of duration is even more important in
sites like Eugene (λcollapse underestimated by 59%), where the seismic hazard is dom-
inated by large magnitude interface earthquakes, and less important in sites like San
Francisco (λcollapse underestimated by 7%), where the seismic hazard is dominated
by crustal earthquakes. Ground motion selection procedures that employ causal pa-
rameters like magnitude, distance, and Vs30 as surrogates for ground motion duration
are also evaluated. These procedures are found to produce poor fits to the duration
and response spectrum targets due to the limited number of records that satisfy typ-
ical constraints imposed on the ranges of the causal parameters. As a consequence,
ground motions selected based on causal parameters are found to overestimate λcollapse
by 53%.

4.2 Introduction

Several questions related to the significance of the duration of strong ground motion
often arise when considering the performance of buildings in regions susceptible to
large magnitude earthquakes (MW ∼ 9.0). By how much does ground motion dura-
tion affect the collapse safety of buildings subjected to large magnitude earthquakes?
How might one incorporate ground motion duration into seismic hazard analysis and
structural collapse risk assessment? These questions and related issues are exam-
ined through illustrated assessments of buildings located at three sites in Western
USA with distinct seismic hazards: Seattle (Washington), Eugene (Oregon), and San
Francisco (California).

A recent study by Chapter 2/Chandramohan et al. (2016b) demonstrated that
the probability of structural collapse is larger under a long duration ground motion
than a short duration ground motion with an equivalent response spectrum. This
finding corroborates investigations by Raghunandan and Liel (2013), but is in con-
trast to most other previous studies (e.g., Bommer et al. 2004; Hancock and Bommer
2006; Iervolino et al. 2006; Hancock and Bommer 2007), which concluded that ground
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motion duration does not influence peak structural deformations. A number of these
studies did not fully quantify the effect of duration due to one or more of the following
factors: (i) they used structural models that did not adequately capture deteriora-
tion in strength and stiffness, and the destabilizing effect of gravity loads (P − ∆

effects); (ii) they used predominantly short duration ground motions from shallow
crustal earthquakes; (iii) they used duration metrics that were not strongly corre-
lated to structural demands; and (iv) they incompletely accounted for the effect of
response spectral shape. Lindt and Goh (2004) successfully observed an influence of
duration on structural collapse risk by using cumulative damage metrics to define non-
simulated collapse criteria, despite using simplistic, non-degrading, single-degree-of-
freedom structural models. Although Chapter 2/Chandramohan et al. (2016b) found
ground motion duration to be an important predictor of structural collapse capacity,
they did not quantify the duration of ground motion anticipated at any specific site.
In this regard, this paper extends previous studies by integrating the seismic hazard
characterization of duration with structural collapse risk assessment.

The importance of selecting earthquake ground motions that are representative of
the site-specific seismic hazard, has been highlighted by a number of studies (Bommer
et al. 2000; Bommer and Acevedo 2004; Katsanos et al. 2010). This implies that the
characteristics of the selected ground motions should match the characteristics of
the ground motions anticipated at the site. A number of documents and standards
have been developed to provide guidelines to select representative site-specific ground
motions; however, most of them explicitly consider only the response spectra of the
selected ground motions. While the response spectrum of a ground motion quantifies
its amplitude and frequency content, it is only weakly related to the duration of
strong shaking contained in it. Ground motion response spectra have been shown to
be well correlated to important structural demand parameters such as peak structural
deformations and structural collapse capacity (Shome et al. 1998; Baker and Cornell
2006b; FEMA 2009b), thus justifying their widespread use in seismic hazard and
risk assessment as a primary ground motion intensity measure. This paper evaluates
the impact of matching ground motion duration targets, in addition to response
spectrum targets, when selecting site-specific ground motions for structural collapse
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risk assessment.
NIST (2011) summarizes a number of guidelines for selecting ground motions

that are representative of the site seismic hazard. PEER TBI (2010) and ASCE
(2016) require the assessment of structural performance at the risk-targeted maximum
considered earthquake (MCER) ground motion intensity level. They recommend the
selection of ground motions, whose response spectra are approximately representative
of the site seismic hazard, by scaling them such that the mean of their response spectra
lies above the MCER response spectrum at the site. Alternatively, they provide the
option of using the conditional mean spectrum (Baker 2011), which provides a more
accurate representation of the site seismic hazard, as a target response spectrum.
In addition to response spectra, these standards attempt to implicitly ensure that
other characteristics of the selected ground motions, such as duration and pulse-
like characteristics, are approximately representative of the site seismic hazard by
recommending the selection of ground motions whose causal parameters, such as
magnitude, source-to-site distance, and source mechanism, reflect the MCER site
hazard.

The actual ground motion selection and modification procedure employed in a
given situation depends on the type and objective of the analysis to be conducted.
Since ground motions serve as the critical link between seismic hazard analysis and
structural demand analysis, obtaining accurate structural response estimates requires
the explicit consideration of the joint probability distribution of the response spectral
ordinates and durations of the selected ground motions (Buratti et al. 2011; Jayaram
et al. 2011b). This paper outlines a procedure to compute the probability distribution
of the durations of ground motions anticipated at a site, conditional on the exceedance
of a primary ground motion intensity measure. The procedure is similar to the one
used by Iervolino et al. (2010) to compute conditional distributions of the Cosenza
and Manfredi index, ID (Cosenza and Manfredi 1997), but extends upon it in a num-
ber of ways, as described below. The proposed procedure recommends computing
different conditional distributions of ground motion duration for each type of seismic
source that contributes to the site seismic hazard, e.g., interface, in-slab, and crustal
earthquakes, at each considered hazard level. The computation procedure is based
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on the generalized conditional intensity measure (GCIM) framework (Bradley 2010).
The conditional distributions of duration are computed using seismic hazard deag-
gregation (McGuire 1995) results, a ground motion prediction equation for duration
(e.g., Abrahamson and Silva 1996; Kempton and Stewart 2006; Bommer et al. 2009),
and a model for the correlation coefficient between the total residuals, or ε-values,
of duration and the chosen primary ground motion intensity measure (e.g., Bradley
2011). These source-specific conditional distributions of duration are then used in
conjunction with source-specific conditional spectra (CS) (Abrahamson and Al Atik
2010; Baker 2011; Lin et al. 2013b) as targets to select appropriate proportions of
hazard-consistent ground motions corresponding to each type of seismic source.

The potential for sites in Western USA to experience long duration ground motions
stems mainly from large magnitude interface earthquakes in the Cascadia subduction
zone. Source-specific target distributions of duration and response spectra are com-
puted at three representative sites in Western USA—Seattle (Washington), Eugene
(Oregon), and San Francisco (California)—with different levels of contribution to
their seismic hazard from interface, in-slab, and crustal earthquakes. The collapse
risk of an eight-story reinforced concrete moment frame building located in Seattle is
estimated by conducting multiple stripe analysis using three groups of ground motion
sets: (i) CS and duration group selected to match response spectrum and duration
targets; (ii) CS only control group selected to match response spectrum targets only;
and (iii) CS and causal parameters group selected to match response spectrum tar-
gets and deaggregated ranges of earthquake causal parameters like magnitude and
source-to-site distance. The multiple stripe analysis technique (Jalayer 2003) is cho-
sen to conduct the analyses since it allows the use of different sets of hazard-consistent
ground motions at different intensity levels. Finally, the bootstrap method (Efron and
Tibshirani 1994) is proposed to quantify the uncertainty in the collapse risk estimates.
It is used here to estimate the sampling distribution and standard error of the dif-
ference between the mean annual frequency of collapse, λcollapse, estimated using two
alternative groups of ground motion sets. The difference between the λcollapse values
estimated using the CS and duration and CS only groups is used to quantify the
significance of considering ground motion duration when selecting ground motions
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for collapse risk estimation. The difference between the λcollapse values estimated
using the CS and causal parameters and CS and duration groups is used to assess
the suitability of ground motion selection procedures that employ earthquake causal
parameters to implicitly capture the effect of ground motion duration.

4.3 Computation of source-specific target distri-

butions of duration

The proposed procedure to compute the source-specific target distribution of duration
at a specific hazard level is based on the GCIM framework (Bradley 2010). The
GCIM framework is a generalization of the conditional spectrum (Abrahamson and
Al Atik 2010; Baker 2011; Lin et al. 2013b) that allows consideration of a general
set of ground motion intensity measures, beyond only response spectral ordinates.
The procedure begins with the choice of (i) an amplitude-based conditioning ground
motion intensity measure, which is quantified by probabilistic seismic hazard analysis
(PSHA) (Kramer 1996; McGuire 2004), and (ii) a metric to quantify ground motion
duration. In this study, the 5% damped pseudo spectral acceleration, Sa(T ∗), is used
as the conditioning intensity measure, which is consistent with current structural
design practice in the USA. The conditioning period, T ∗, is a period of vibration
that is representative of the dynamic behavior of the structure under consideration,
usually chosen as the fundamental elastic modal period of the structure. Ground
motion duration is quantified by significant duration (Trifunac and Brady 1975),
Ds, since it was previously identified to be a good predictor of structural collapse
capacity (Chapter 2/Chandramohan et al. 2016b), and it can be readily estimated
using previously published prediction equations. The significant duration of a ground
motion is defined as the time interval over which a specific percentage range of the
integral

∫ tmax

0
a2(t)dt is accumulated, where a(t) represents the ground acceleration

at time t, and tmax represents the length of the accelerogram. 5–75% significant
duration, Ds5−75, is used in this paper, and its computation is illustrated in Figure 4.1.
Although Sa(T

∗) and Ds5−75 are used here, the described procedure is general and
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Figure 4.1: (Top) East-West component of the accelerogram recorded from the 2011 To-
hoku (Japan) earthquake at the Sakunami station (station code: MYG014), and (Bottom)
the normalized, cumulative integral of a2(t) illustrating the computation of 5–75% signifi-

cant duration of the accelerogram.

can be used with any combination of conditioning intensity measure and duration
metric.

Note that it is infeasible to use traditional PSHA to obtain a hazard curve that
describes the mean annual frequency of exceedance of significant duration, as is typi-
cally done for amplitude-based intensity measures like Sa, because significant duration
increases with distance from the seismic source. Therefore, extremely long duration
ground motions originating from a number of distant sources can contribute signif-
icantly to the seismic duration hazard at a site, although they have low spectral
acceleration values and are not of engineering consequence. This is one motivation
behind computing target distributions of duration, conditional on the exceedance of
a primary, amplitude-based ground motion intensity measure.
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4.3.1 Target computation procedure

To compute the source-specific conditional distribution of duration, the Sa(T ∗) value
corresponding to the chosen hazard level is first obtained from the standard hazard
curve. Seismic hazard deaggregation is then used to find the earthquake scenarios
that are most likely to cause the exceedance of that Sa(T ∗) value at the site, defined
by the following parameters: (i) source type, STi (e.g., interface, in-slab, or crustal),
(ii) magnitude, Mi, (iii) source-to-site distance, Ri, (iv) other causal parameters,
Θi (e.g., Vs30: the average shear wave velocity of the top 30m of the soil profile,
faulting mechanism, and basin depth), (v) total residual or ε-value for Sa(T ∗), εi,
and (vi) deaggregation weight, pi, where the subscript i denotes the ith contributing
earthquake scenario. A prediction equation for significant duration (e.g., Abraham-
son and Silva 1996; Kempton and Stewart 2006; Bommer et al. 2009) is then used to
compute the mean, µ, and standard deviation, σ, of the natural logarithm of the sig-
nificant duration of the ground motions anticipated at the site from each contributing
earthquake scenario, as functions of its M , R, and Θ:

µlnDs(i) = f(Mi, Ri,Θi) (4.1a)

σlnDs(i) = g(Mi, Ri,Θi) (4.1b)

where f() and g() denote functions defined by the prediction equation. The logarithm
of significant duration is used since many prediction equations have found it to be
lognormally distributed for a given earthquake scenario (Abrahamson and Silva 1996;
Kempton and Stewart 2006; Bommer et al. 2009). The conditional distribution of
significant duration for each contributing earthquake scenario is then computed using
Equations (4.2a) and (4.2b), which require a model for the correlation coefficient,
ρ(T ∗), between the ε-values from the predictions of the logarithms of Sa(T ∗) and Ds
(e.g., Bradley 2011).

µlnDs(i) | lnSa(T ∗) = µlnDs(i) + ρ(T ∗)εiσlnDs(i) (4.2a)

σlnDs(i) | lnSa(T ∗) = σlnDs(i)
√

1− ρ(T ∗)2 (4.2b)
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The relative contribution to the total site seismic hazard from each type of seismic
source is computed by summing the deaggregation weights corresponding to all con-
tributing earthquake scenarios from that type of seismic source, using Equation (4.3),

p̄(st) =
∑

STi=st

pi (4.3)

where ST is a random variable and st represents a specific source type, e.g., interface,
in-slab, or crustal. Source-specific conditional distributions of significant duration are
then computed for each seismic source type, st, as a weighted average of the condi-
tional distributions of significant duration for all contributing earthquake scenarios
from that type of seismic source, using Equations (4.4a) and (4.4b).

µlnDs(st) | lnSa(T ∗) =
∑

STi=st

pi
p̄(st)

[
µlnDs(i) | lnSa(T ∗)

]
(4.4a)

σlnDs(st) | lnSa(T ∗) =

√ ∑

STi=st

pi
p̄(st)

[
σ2
lnDs(i) | lnSa(T ∗)

+
(
µlnDs(i) | lnSa(T ∗)−µlnDs(st) | lnSa(T ∗)

)2]

(4.4b)

These equations are similar to the ones proposed by Lin et al. (2013a) to compute
conditional spectra, except in this case, separate target distributions are computed for
each type of seismic source. The motivation for doing this will be illustrated in § 4.4.3.
Note that although the inputs to Equations (4.4a) and (4.4b) are the means and stan-
dard deviations of lognormal distributions, the aggregate source-specific conditional
distributions are not necessarily lognormal. They are, however, approximated here
as lognormal distributions for practical reasons. Source-specific conditional spectra
can be similarly computed using appropriate prediction equations and models for the
correlation coefficient between response spectral ordinates.

To select a set of hazard-consistent ground motions at the chosen hazard level,
the fraction of ground motions selected to match the target Ds5−75 distribution and
conditional spectrum corresponding to each type of seismic source should be equal to
the p̄(st) value computed for that type of seismic source using Equation (4.3). Several
algorithms have been proposed to select ground motions whose characteristics match
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a given joint distribution of ground motion intensity measures (Jayaram et al. 2011b;
Bradley 2012).

4.3.2 Prediction models for significant duration

Three prediction equations for significant duration are considered in this study: Abra-
hamson and Silva (1996), Kempton and Stewart (2006), and Bommer et al. (2009).
These prediction equations were all developed for crustal earthquakes using the PEER
NGA-West database (Ancheta et al. 2013), with Bommer et al. having the largest
maximum usable magnitude of 7.9. The authors are currently unaware of any sig-
nificant duration prediction equations for large magnitude interface earthquakes and
deep in-slab earthquakes. Nevertheless, since large magnitude interface earthquakes
in the Cascadia subduction zone are the focus of this study (8.6 ≤ MW ≤ 9.3 as per
Petersen et al. (2014)), the ability of the three models to predict durations of ground
motions produced by large magnitude interface earthquakes, above their maximum
usable magnitude limits, was investigated.

The variation, with magnitude, of the median Ds5−75 predicted by the three mod-
els, at a rock site and source-to-site distances of 10 km and 80 km, are plotted in
Figure 4.2. Predictions extrapolated beyond the maximum usable magnitude of each
model are plotted using a dashed line. Ds5−75 is seen to increase with both earthquake
magnitude and source-to-site distance but is typically more sensitive to changes in
magnitude than distance. The predictions of the three models are found to agree well
until a magnitude of about 7.5, above which they diverge. Notably, at magnitudes
above 7.9, Bommer et al. is found to predict longer duration ground motions at shorter
distances, indicated by the crossing of the Distance = 10 km and Distance = 80 km

curves, which is contrary to expectations based on wave propagation physics, thus
making it unsuitable for use with the large magnitude earthquakes considered in this
study. The predictions of the Abrahamson and Silva, and Kempton and Stewart
models were found to be consistent with the durations of ground motions produced
by recent large magnitude interface earthquakes from a qualitative comparison, thus
supporting their use in this study, especially given the absence of any alternatives.
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Figure 4.2: Comparison of the three prediction equations for significant duration. Dura-
tions predicted by extrapolating the models above their range of calibrated magnitudes are

plotted using a dashed line.

Among the two, Kempton and Stewart consistently predicts longer duration ground
motions than Abrahamson and Silva. The Abrahamson and Silva equation is used
in the calculations presented in § 4.4, and the collapse risk assessments in § 4.5, to
conservatively demonstrate the effect of ground motion duration; the effect would be
even larger if the Kempton and Stewart model were used instead.

The only available model for the correlation coefficient between the ε-values of
Sa(T

∗) and Ds5−75 was also developed for crustal earthquakes using the PEER NGA-
West database (Bradley 2011). The model predicts small negative correlation coef-
ficients for periods shorter than 2.1 s, and small positive correlation coefficients for
periods longer than 2.1 s. While the properties of these models are believed to be
reasonable for the calculations presented below, there is need for additional studies
to verify the application of these models to interface and in-slab earthquakes.
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4.4 Analysis of source-specific targets computed

for Western USA

The procedure outlined in § 4.3 was used to compute source-specific target distribu-
tions of Ds5−75, conditional on the 2% in 50 year exceedance probability of Sa(1 s),
for Western USA. Seismic hazard deaggregation results were obtained from the USGS
(Petersen et al. 2008; USGS 2008). The duration prediction models discussed above
were used in the computations, assuming a rock site with Vs30 = 760 m/s. Maps of
the percentage contribution to the seismic hazard from interface earthquakes, and
the conditional median target Ds5−75 of ground motions produced by interface earth-
quakes in the Cascadia subduction zone, for locations that have non-zero contributions
to their seismic hazard from interface earthquakes, are shown in Figures 4.3a and 4.3b
respectively. A map of the Sa(1 s) values that are exceeded with a probability of 2%
in 50 years is shown in Figure 4.3c.

In Figure 4.3b, the conditional median target Ds5−75 of ground motions produced
by interface earthquakes is seen to increase from around 30 s near the Pacific coast
to around 45 s at distances about 600 km inland, due to the increase in predicted
Ds5−75 with distance from the Cascadia subduction zone. As seen in Figure 4.3a,
this increase in target duration is, however, accompanied by a corresponding decrease
in the percentage contribution to the total seismic hazard from interface earthquakes,
from almost 100% near the Pacific coast to 0% at distances around 600 km inland.
Localized drops in the percentage contribution from interface earthquakes are also
observed around seismically active crustal faults near Seattle, Southern Oregon, and
Northern California. The Sa(1 s) value corresponding to a 2% probability of ex-
ceedance in 50 years decreases from values greater than 0.6 g near the Pacific coast
to below 0.2 g at distances around 300 km inland. Therefore, although longer dura-
tion ground motions are expected at larger distances from the Cascadia subduction
zone, the relative contribution of these long duration ground motions produced by
interface earthquakes to the total seismic hazard, as well as the expected intensity of
these ground motions, decreases with distance. As a result, ground motion duration
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is an important consideration for structural performance assessment only at sites lo-
cated near the Cascadia subduction zone. The exact magnitude of the importance,
however, depends on parameters like the conditioning period and the intensity level,
as discussed in § 4.4.2.

4.4.1 Targets at three representative sites

Three sites located in Seattle, Eugene, and San Francisco were chosen to illustrate how
proximity to different types of seismic sources can influence the site seismic hazard.
The sites are located in different tectonic settings with varying levels of contribution
to their seismic hazard from different types of seismic sources, as shown in Figure 4.4.
San Francisco’s seismic hazard comes almost entirely from crustal faults, including
the San Andreas, Hayward, and San Gregorio faults. Eugene, on the other hand, is
adjacent to the Cascadia subduction zone and distant from seismically active crustal
faults; hence the subduction zone is the dominant contributor to its seismic hazard.
Seattle’s seismic hazard is affected by both the Cascadia subduction zone and the
Seattle fault zone, which is a network of crustal faults under the city.

The Cascadia subduction zone is a source of both interface and in-slab earth-
quakes. The large magnitude interface earthquakes are caused by relative motion
between the subducting Juan de Fuca plate, and the over-riding North American
plate. The 2014 USGS national seismic hazard maps (Petersen et al. 2014) consider
future interface earthquakes of magnitude as large as 9.3 in the Cascadia subduction
zone. The 1700 Cascadia earthquake was an interface earthquake of estimated mag-
nitude 9.0. In-slab earthquakes are deep earthquakes caused by ruptures within the
subducting Juan de Fuca plate as it sinks into the mantle, at depths of 35 km to 70 km
(Petersen et al. 2014). Although in-slab earthquakes are of smaller magnitude than
interface earthquakes, they are much more frequent. The 2001 Nisqually earthquake
was an in-slab earthquake of magnitude 6.8.

Seismic hazard deaggregation plots, conditional on the 2% in 50 year exceedance
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Figure 4.3: (a) Percentage contribution to the total seismic hazard from interface earth-
quakes, and (b) conditional median target Ds5−75 of ground motions produced by interface
earthquakes (only plotted for sites with non-zero contributions to their seismic hazard from
interface earthquakes), conditional on the exceedance of the Sa(1 s) values shown in (c),

which are exceeded with a probability of 2% in 50 years.
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Figure 4.4: Sites chosen for sample calculations of target distributions of duration, and
the seismic sources that significantly contribute to their seismic hazard.
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probability of Sa(1 s), for all three sites, are shown in Figure 4.5. The contribu-
tions from each type of seismic source are easily distinguishable since they have dis-
tinct magnitude and source-to-site distance ranges. The computed source-specific
conditional median target Ds5−75 values, and the corresponding percentage contri-
butions to the total seismic hazard from each type of seismic source, conditional on
the 2% in 50 year exceedance probability of Sa(1 s), are summarized in Table 4.1.
The source-specific conditional distributions of Ds5−75, and the source-specific condi-
tional spectra, which are computed in an analogous manner, are plotted in Figure 4.6.
Note that the conditional standard deviations of the conditional spectra are omitted
for readability, and the percentage contributions of each type of source to the total
seismic hazard are noted in the legends. The Abrahamson et al. (2016) prediction
equation was used to compute the conditional spectra for the interface and in-slab
earthquakes, and the Campbell and Bozorgnia (2014) prediction equation was used
for the crustal earthquakes. The correlation coefficients between the ε-values of re-
sponse spectral ordinates at different periods from Baker and Jayaram (2008) were
used for crustal and in-slab earthquakes, and those from Al Atik (2011) were used
for interface earthquakes. The difference in the expected frequency content of ground
motions produced by earthquakes from different types of seismic sources, is evident
from Figure 4.6. As seen from the plotted conditional mean spectra, ground motions
from interface earthquakes are expected to have less high-frequency content, whereas
those from in-slab earthquakes are expected to have less low-frequency content, when
compared to crustal earthquakes.

4.4.2 Sensitivity of targets to seismic hazard level and con-

ditioning period

The duration targets computed above were conditional on the 2% in 50 year ex-
ceedance probability of Sa(1 s). Figure 4.7 plots the duration targets in Seattle cor-
responding to interface earthquakes, for three conditioning periods, and for Sa(T ∗)
values with varying return periods. Figure 4.7a shows that for shorter conditioning
periods, intense ground motions (corresponding to longer return periods) are likely to
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Figure 4.5: Seismic hazard deaggregation plots for all three considered sites, conditional on
the 2% in 50 year exceedance probability of Sa(1 s). The types of seismic sources associated

with specific magnitude and distance combinations are noted on each plot.
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Figure 4.6: (Left) Source-specific conditional distributions of Ds5−75, and (Right) source-
specific conditional mean spectra and corresponding uniform hazard spectra for all three

considered sites, conditional on the 2% in 50 year exceedance probability of Sa(1 s).
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Table 4.1: Source-specific conditional median target Ds5−75 values, and the corresponding
percentage contributions to the total seismic hazard from each type of seismic source (in-
dicated in parentheses), conditional on the 2% in 50 year exceedance probability of Sa(1 s),
for all three considered sites. Conditional median target Ds5−75 values are not indicated

for source types that contribute less than 1% to the site seismic hazard.

Site
Interface

earthquakes
In-slab

earthquakes
Crustal

earthquakes

Seattle 32 s (35%) 7 s (24%) 5 s (41%)
Eugene 30 s (93%) 8 s (7%) –
San Francisco – – 9 s (100%)

have shorter durations. This trend is explained by the larger ε-values associated with
rarer ground motions, and the negative correlation between the ε-values ofDs5−75 and
Sa(T

∗) for shorter conditioning periods (Bradley 2011), used in Equation (4.2a). For
longer conditioning periods, Bradley (2011) predicts positive correlation coefficients,
resulting in rare, intense ground motions being associated with longer durations. The
unconditional median target durations were found to stay relatively constant over dif-
ferent hazard levels, and thus, do not contribute significantly to the observed trends.

Figure 4.7b shows that the relative contribution of interface earthquakes to the
total seismic hazard is higher at longer return periods, on average. A consequence of
this is that when analyzing a structure in Seattle, a larger proportion of long dura-
tion ground motions, characteristic of interface earthquakes, would need to be used
at higher ground motion intensity levels. It is also observed from Figure 4.7b that
interface earthquakes contribute more to the seismic hazard at longer conditioning
periods. This is explained by the fact that the prediction equations for interface
earthquakes used in the 2008 national seismic hazard model (Petersen et al. 2008)
predict ground motions that are rich in low-frequency content. It, therefore, follows
that large Sa(T ∗) values at long periods are more likely to be caused by interface
earthquakes. This pattern is, however, not reflected in the conditional mean spectra
for Seattle plotted in Figure 4.6a, where the conditional mean spectrum correspond-
ing to crustal earthquakes has about the same low-frequency content (Sa(T > 1 s)) as
the one corresponding to interface earthquakes. This discrepancy is a consequence of
using the Abrahamson et al. (2016) prediction equation to compute the conditional
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mean spectra in Figure 4.6a, although it is not used in the deaggregation compu-
tations in Petersen et al. (2008) used to plot Figure 4.7b. The Abrahamson et al.
(2016) model predicts a rapid decay in the low-frequency content of ground motions
produced by interface earthquakes with distance, thus resulting in the prediction of
less low-frequency content in Seattle, which is about 100 km away from the Cascadia
subduction zone (Petersen et al. 2014). Although Petersen et al. (2008) is the most
recent hazard model for which national deaggregation data is presently available, the
newer Abrahamson et al. (2016) was adopted for the calculations here, since it is more
refined and based, in part, on data from recent large magnitude subduction earth-
quakes. Therefore, deaggregation calculations based on the 2014 national seismic
hazard model (Petersen et al. 2014), which incorporates Abrahamson et al. (2016),
are likely to predict lesser separation between the curves in Figure 4.7b.

4.4.3 Motivation for computing source-specific targets

To understand the motivation for computing source-specific targets, consider the con-
sequences of computing only one target distribution of Ds5−75 and conditional spec-
trum at the hazard level corresponding to the 2% in 50 year exceedance probability
of Sa(1 s) in Seattle, without discriminating between contributing earthquake scenar-
ios based on the type of seismic source, as recommended by Lin et al. (2013a). In
this case, one conditional median target Ds5−75 of 10 s, and one conditional mean
spectrum would be computed as the average of the source-specific conditional median
targets, weighted by their corresponding p̄(st) values. The standard deviations of these
targets would be larger than the standard deviations of the individual source-specific
targets, since they would account for the variability (i) among the different types of
seismic sources, and (ii) in the characteristics of the ground motions produced by
each type of seismic source. Using these targets could lead to the selection of long
duration records with a response spectral shape characteristic of shorter duration
crustal records, and vice versa, which would not reflect the known differences in the
characteristics of ground motions produced by the three types of seismic sources, as
observed in Figure 4.6. Although this is a concern in a site like Seattle, with hazard
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Figure 4.7: (a) Conditional median target Ds5−75 of ground motions in Seattle produced
by interface earthquakes, and (b) the percentage contribution to the total seismic hazard
of Seattle from interface earthquakes, conditional on different exceedance rates of Sa(T ∗),

i.e., different seismic hazard levels, for different conditioning periods, T ∗.
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contributions from multiple types of sources, it is less of a concern in a site like San
Francisco, whose seismic hazard is dominated by one type of source.

Goda and Atkinson (2011) address this issue by selecting ground motions to match
source-specific conditional mean spectra but they do not consider the spectral stan-
dard deviations or ground motion duration. Bradley (2012) addresses this issue by
recommending the selection of ground motions with characteristics consistent with
deaggregated contributing earthquake scenarios, that are simulated from a probabil-
ity mass function defined by the seismic hazard deaggregation weights. The use, here,
of targets averaged over types of seismic sources, although slightly less rigorous than
the Bradley procedure, represents a practical middle ground between the recommen-
dations of Bradley (2012) and Lin et al. (2013a). This approach takes advantage of
the similarity in the causal parameters that define the contributing earthquake sce-
narios from each type of source, as observed in Figure 4.5. Moreover, the adopted
procedure allows the explicit quantification and comparison of the expected duration
and frequency content of ground motions produced by interface, in-slab, and crustal
earthquakes. It also allows the selection of ground motions representing individual
source types to be more finely optimized than the Bradley procedure, as illustrated
in the following section.

4.5 Collapse risk assessment of a reinforced con-

crete moment frame building

4.5.1 Structural model

A ductile eight-story reinforced concrete moment frame building, designed to current
standards for a site in Seattle, is used to illustrate the proposed method for char-
acterizing ground motion hazard, and to quantify the influence of ground motion
duration on structural collapse risk. The height of the first story of the building is
4.6m, and the height of all subsequent stories is 4.0m. The width of each bay of the
building is 6.1m. A schematic of the two-dimensional numerical model of the struc-
ture, created and analyzed using OpenSees rev. 5184 (McKenna et al. 2006), is shown
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Figure 4.8: Schematic of the eight-story reinforced concrete moment frame model.

in Figure 4.8. This model was developed by Raghunandan et al. (2015) to study
the collapse risk of structures in the Pacific Northwest. The beams and columns of
the frame were modeled using linear elastic elements, with zero-length plastic hinges
located at the ends of each beam and column. The plastic hinges were modeled us-
ing the Modified Ibarra-Medina-Krawinkler peak-oriented model (Ibarra et al. 2005)
that includes a post-peak negative stiffness branch of the backbone curve to cap-
ture in-cycle deterioration, as well as cyclically deteriorating strength and stiffness
based on the cumulative hysteretic energy dissipated. Finite beam-column joints were
modeled, with elastic shear deformations. The contribution of the adjacent gravity
system to the destabilizing P −∆ effect was modeled using a pin-connected leaning
column. Previous studies have demonstrated that structural models need to capture
the deterioration in strength and stiffness of structural components at large inelastic
deformations, as well as the destabilizing effect of gravity loads, to capture the ef-
fect of ground motion duration on structural response (Raghunandan and Liel 2013;
Chapter 2/Chandramohan et al. 2016b). Further details about the design and the
numerical model are provided in Raghunandan et al. (2015).
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4.5.2 Ground motion selection

The multiple stripe analysis technique (Jalayer 2003), which allows the use of a dif-
ferent set of hazard-consistent ground motions at each intensity level, was used to
estimate the collapse fragility curve of the structure. Three groups of ground motions
were selected to demonstrate the importance of considering ground motion duration
when estimating structural collapse risk. Each group consists of sets of 100 ground
motions selected at eight ground motion intensity levels. The ground motions were
selected to match targets computed for a site in Seattle, using a conditioning period of
1.8 s, the fundamental period of the structure. Seismic hazard deaggregation results
for Sa(1 s) and Sa(2 s), obtained from USGS (2008), were interpolated to compute
the targets conditional on Sa(1.8 s). The conditional median target Ds5−75 values
and the percentage contribution of interface, in-slab, and crustal earthquakes to the
site seismic hazard, at all eight intensity levels, are summarized in the digital ap-
pendix, available at http://purl.stanford.edu/nj619hk1456. An upper limit of
5.0 was imposed on the factor used to scale the selected ground motions.

The ground motions in the first group, called the CS and duration group, were
selected to match the source-specific target distributions of Ds5−75 and response spec-
tra, conditional on exceedance of each ground motion intensity level. Ground motions
corresponding to interface earthquakes were selected from a collection of 3955 ground
motions recorded from the following interface earthquakes: 1974 Lima (Peru), 1985
Valparaiso (Chile), 1985 Michoacan (Mexico), 2003 Hokkaido (Japan), 2010 Maule
(Chile), and 2011 Tohoku (Japan). Of these 3955 ground motions, 2448 are from the
2011 Tohoku earthquake, 1314 are from the 2003 Hokkaido earthquake, and the re-
maining 193 are from the other earthquakes. Ground motions corresponding to both
crustal and in-slab earthquakes were selected from the PEER NGA-West2 database
(Ancheta et al. 2013), even though the database contains ground motions only from
shallow crustal earthquakes. This was considered reasonable since the magnitudes and
target ground motion durations of the contributing in-slab earthquakes were similar
to those of the ground motions in the database. Moreover, only a small fraction of
ground motions from in-slab earthquakes were required at the high intensity levels,

http://purl.stanford.edu/nj619hk1456
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due to their low percentage contribution to the seismic hazard at these intensity levels.
A slightly modified version of the algorithm proposed by Jayaram et al. (2011b)

was used to select ground motions to match a target multivariate normal distribution
of logarithms of intensity measures. Ds5−75 was added as an additional intensity
measure to a vector of response spectral ordinates at different periods. The quality of
fit of a set of ground motions to the target multivariate distribution was assessed by
first computing the Kolmogorov-Smirnov test (K-S test) statistic for each intensity
measure, and then computing a weighted average of the test statistics for all intensity
measures, similar to the procedure adopted by Bradley (2012). From preliminary
trials, weights of 0.5 for the K-S test statistic of Ds5−75 and 0.5 for the mean K-S test
statistic of all response spectral ordinates were found to produce ground motion sets
that matched the targets reasonably well. The durations and response spectra of the
set of ground motions selected at the Sa(1.8 s) = 0.24 g intensity level (corresponding
to the 2% in 50 year hazard level) are shown in Figure 4.9.

A second group of ground motion sets, called the CS only group, was created to
control for the effect of response spectral shape. These ground motions were selected
to match only the target distributions of response spectral ordinates, without con-
sidering ground motion duration. For this group, ground motions corresponding to
all three types of seismic sources were chosen from the PEER NGA-West2 database.
The objective of selecting this group was to analyze the consequences of selecting
ground motions without explicit consideration of their durations. The durations and
response spectra of the ground motions selected to match the targets corresponding
to interface earthquakes, at the Sa(1.8 s) = 0.24 g intensity level, are shown in Fig-
ure 4.10. As expected, the response spectra of the selected ground motions match
the target well, but their durations are shorter than the target. On the other hand,
the durations of the ground motions corresponding to crustal and in-slab earthquakes
were found to approximately match their targets since the targets are similar to the
durations of the ground motions in the PEER NGA-West2 database. These trends
were consistent among all eight ground motion sets in the group. A similar ground
motion selection exercise by Chapter 2/Chandramohan et al. (2016b) found that no
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(a) Interface earthquakes: 47 / 100 ground motions
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(b) In-slab earthquakes: 22 / 100 ground motions
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(c) Crustal earthquakes: 31 / 100 ground motions

Figure 4.9: Ground motions selected in the CS and duration group at the Sa(1.8 s) =
0.24 g intensity level (2% in 50 year hazard level) in Seattle, corresponding to each type of

contributing seismic source.
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(a) Interface earthquakes: 47 / 100 ground motions

Figure 4.10: Ground motions selected in the CS only control group at the Sa(1.8 s) =
0.24 g intensity level (2% in 50 year hazard level) in Seattle, corresponding to interface

earthquakes.

statistically significant differences are introduced with respect to ground motion char-
acteristics other than response spectra and duration, when comparing the response
of a structure to two groups of ground motions recorded from interface and crustal
earthquakes respectively. Therefore, any difference observed in the structural collapse
risk estimated using the CS and duration and CS only groups can be attributed to
the difference in the durations of their ground motions.

Finally, a third group of ground motion sets, called the CS and causal parameters
group, was created to evaluate the effectiveness of widely employed ground motion se-
lection procedures that use causal parameters like magnitude, source-to-site distance,
and site Vs30 to implicitly account for the effects of ground motion characteristics
like duration, that are not entirely captured by response spectra. The ground mo-
tions in this group were also selected to match the target distributions of response
spectral ordinates, similar to the other two groups. In addition, only those ground
motions recorded from earthquakes whose magnitudes and source-to-site distances lie
within an allowable range around the mean magnitude and source-to-site distance
of earthquakes from each type of contributing source, obtained from seismic hazard
deaggregation results, were considered. Constraints were also placed on the site Vs30
of the ground motions selected from the PEER NGA-West2 database, assuming the
structure is located on a rock site with Vs30 = 760 m/s. Since Vs30 data was not avail-
able for many of the interface earthquake ground motions, the Vs30 constraint was not
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(b) Interface earthquakes: 54 / 100 ground motions

Figure 4.11: Ground motions selected in the CS and causal parameters group at the
(a) Sa(1.8 s) = 0.24 g intensity level (2% in 50 year hazard level), and the (b) Sa(1.8 s) =
0.49 g intensity level (0.25% in 50 year hazard level) in Seattle, corresponding to interface

earthquakes.

imposed on them. The specific constraints imposed at the Sa(1.8 s) = 0.24 g intensity
level, corresponding to each type of contributing seismic source, are summarized in
Table 4.2. The durations and response spectra of the ground motions corresponding
to interface earthquakes, selected at the Sa(1.8 s) = 0.24 g and 0.49 g intensity levels
(corresponding to the 2% and 0.25% in 50 year hazard levels respectively), are shown
in Figure 4.11.

The response spectra of the interface earthquake ground motions selected at the
Sa(1.8 s) = 0.24 g intensity level are seen to match their targets well, but those selected
at the Sa(1.8 s) = 0.49 g intensity level produce a poorer fit, with larger response spec-
tral ordinates than the targets at periods below the conditioning period. The response
spectra of the ground motions corresponding to crustal and in-slab earthquakes also
follow similar trends. These poorer fits are a consequence of the limited number of
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recorded ground motions that satisfy the constraints imposed on the causal parame-
ters, even though the constraints used here are somewhat relaxed compared to those
used in conventional ground motion selection practice. This is evident from the last
two columns of Table 4.2, which list the number of ground motions available to select
from, and the number of selected ground motions, at the Sa(1.8 s) = 0.24 g intensity
level. Although this problem could be slightly alleviated by increasing the maximum
permissible ground motion scale factor, the scaling of low amplitude ground motions
by large scale factors can produce other inconsistencies, and is not recommended. The
number of available ground motions gets even smaller at higher intensity levels, thus
leading to even poorer fits. Therefore, while the selection of ground motions based on
causal parameters might work well for evaluations conducted at low intensity levels, it
is not as reliable when selecting ground motions at higher intensity levels for collapse
risk estimation. This suggests that aggressive screening of candidate ground motions
with respect to causal parameters can be counter-productive, since it can result in
the selection of ground motions with less desirable response spectra and durations:
properties known to more directly influence structural response. Causal parameters
like magnitude, source-to-site distance, and site Vs30, which only implicitly control
time series characteristics, should be a secondary consideration to the time series
characteristics themselves.

The durations of the selected ground motions corresponding to interface earth-
quakes are seen to be longer than their target at both intensity levels. This trend
is observed at all eight intensity levels, and is an artifact of the limited number of
recorded earthquakes with magnitudes within the range of the imposed constraints:
in this case, only the 2010 Maule (Chile) and 2011 Tohoku (Japan) earthquakes. The
step in the empirical cumulative distributions of Ds5−75 distinguish the relatively
shorter duration records from the 2010 Maule earthquake (Ds5−75 ∼ 20 s–30 s) from
the relatively longer duration records from the 2011 Tohoku earthquake (Ds5−75 ∼
50 s–90 s). The durations of the selected ground motions corresponding to crustal
and in-slab earthquakes do, however, approximately match their targets at all eight
intensity levels for same the reasons described above for the CS only control group.

Plots of the durations and response spectra of all the ground motions selected into
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the three groups (similar to Figure 4.9), at all eight intensity levels, are available in the
digital appendix. Summaries of the constraints imposed on the magnitude, source-
to-site distance, and site Vs30 of the ground motions selected into the CS and causal
parameters group (similar to Table 4.2), at each intensity level, are also included.

4.5.3 Collapse risk estimation

The collapse fragility of the reinforced concrete moment frame building was estimated
using each of the three groups of ground motions described in § 4.5.2, selected to match
the seismic hazard targets computed for Seattle. This entailed analyzing the structure
under each ground motion and checking whether it led to structural collapse, which
is indicated by the unbounded increase in the drift ratio at a story, above a threshold
of 0.10. The adopted collapse story drift ratio threshold of 0.10 was chosen based
on studies which indicated that it provides a fairly consistent measure of when the
structure collapses by dynamic instability. Numerical time integration was performed
using the explicit central difference scheme, since it was found to be more robust and
efficient than implicit time integration schemes, which sometimes failed to converge.
The fraction of ground motions that caused structural collapse at each intensity level
was plotted against Sa(1.8 s), and a collapse fragility curve was computed by fitting
a lognormal cumulative distribution function to the data using maximum likelihood
estimation. Note that maximum likelihood estimation requires all ground motions at
an intensity level to be independent, but this may not be the case for ground motions
recorded from the same earthquake. Nonetheless, this is not expected to significantly
influence the obtained results (Baker 2015). The resulting collapse fragility curves
estimated using the three groups of ground motions are shown in Figure 4.12, along
with the seismic hazard curve for Seattle.

The first observation from Figure 4.12 is that a larger fraction of the ground
motions at the four highest intensity levels cause structural collapse in the CS and
duration group than the CS only control group. Since the ground motions in these
two groups have equivalent response spectra, the larger fraction of collapses can be
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Figure 4.12: Collapse fragility curves of the reinforced concrete moment frame building,
estimated using the three groups of selected ground motions (with median, µ, and lognormal
standard deviation, β, indicated in the legend), along with the seismic hazard curve and

the MCER ground motion intensity for Seattle.

attributed to the presence of longer duration ground motions corresponding to in-
terface earthquakes in the CS and duration group (compare Figures 4.9a and 4.10).
This inference is supported by the fact that at the four highest intensity levels, 3 out
of 3, 5 out of 6, 8 out of 10, and 10 out of 16 of the ground motions from the CS
and duration group that caused structural collapse are from interface earthquakes.
These results are consistent with those obtained by Raghunandan et al. (2015), who
also concluded that long duration ground motions from interface earthquakes are
more likely to cause the collapse of ductile moment frame buildings in Seattle. A
more detailed comparison of the results is, however, not possible since Raghunan-
dan et al. (2015) did not employ hazard-consistent ground motions. Although the
adopted analysis procedure accounts for the uncertainty in the characteristics of the
anticipated ground motions, it ignores the uncertainty in the characteristics of the
structural model (FEMA 2009b). This simplification was considered appropriate for
this study since it is the relative values of collapse risk estimates that are used to
compare ground motion selection procedures; the absolute values are of lesser con-
cern. The mean annual frequency of collapse, λcollapse, computed by integrating the
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product of the collapse fragility curve and the derivative of the seismic hazard curve,
is estimated to be 5.4× 10−5 using the CS and duration group, and 3.8× 10−5 using
the CS only control group. Therefore, ignoring ground motion duration results in an
unconservative underestimation of λcollapse by 29%. Note that if the Kempton and
Stewart (2006) prediction equation for Ds5−75 were used instead of Abrahamson and
Silva (1996), longer duration ground motions would have been selected in the CS and
duration group (see Figure 4.2), and subsequently, an even larger effect of duration
on λcollapse would have been observed.

This estimate of the percentage difference in λcollapse, hereby abbreviated as ∆λcollapse,
has an associated standard error, which can be estimated by bootstrapping (Efron
and Tibshirani 1994). Here, we extend the method proposed by Eads et al. (2013),
by enabling the estimation of the standard error in collapse risk estimates obtained
using a multiple stripe analysis. Bootstrapping estimates the distribution of a statis-
tic by repeatedly resampling from the observed data with replacement. In this case,
a bootstrap estimate of the fraction of ground motions that cause structural collapse
at an intensity level was made by sampling 100 ground motions with replacement,
from the original 100 ground motions used at that intensity level. A collapse fragility
curve was then fit to the resampled fractions of ground motions causing structural
collapse at all eight intensity levels, and the corresponding λcollapse was computed.

Ten thousand such bootstrap estimates of the collapse fragility curve correspond-
ing to the CS and duration group were made, a subset of which are plotted in Fig-
ure 4.13a. The standard error of the value of λcollapse estimated using the CS and
duration group was then computed as the sample standard deviation of the ten thou-
sand values of λcollapse computed from the bootstrapped collapse fragility curves. The
computed standard error was 0.68× 10−5, which is 13% of 5.4× 10−5, the estimated
value of λcollapse. It is evident from Figure 4.13a that the collapse fragility curve is
well constrained only below the highest intensity level at which analyses were con-
ducted (Sa(1.8 s) = 0.49 g in this case). Large contributions to the structural collapse
risk from higher intensity levels would, therefore, cause the standard error of the
estimate of λcollapse to increase, thus highlighting the importance of appropriately
selecting the ground motion intensity levels at which to analyze the structure. The
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standard error of any other parameter, like the median or lognormal standard devia-
tion of the collapse fragility curve, could be estimated in a similar manner. Following
the same procedure, ten thousand bootstrap estimates of the collapse fragility curve
corresponding to the CS only control group were also made, and the corresponding
λcollapse values were computed. The ten thousand bootstrap estimates from the two
groups were then taken in pairs and used to compute ten thousand values of ∆λcollapse.
The histogram of these ∆λcollapse values, shown in Figure 4.13b, describes the empir-
ical sampling distribution of ∆λcollapse, and quantifies the influence of ground motion
duration on the collapse risk of the structure located in Seattle. Although the number
of bootstrap simulations used is in excess of that required to obtain stable estimates,
no effort was made to optimize this number given the ease of producing large num-
bers of simulations. The standard error of ∆λcollapse was computed to be 16%. The
empirical p-value of a hypothesis test (Rice 2006) with null hypothesis ∆λcollapse = 0

was computed as 0.06: the fraction of all simulated ∆λcollapse values that are lesser
than zero. This is only slightly above the conventionally accepted threshold of 0.05
and indicates that if the effect of duration is considered to be statistically significant
by rejecting the null hypothesis, there is a 6% probability of doing so erroneously,
i.e., encountering a Type-1 error. The standard error of ∆λcollapse can be reduced by
analyzing the structure using more ground motions at each intensity level.

It can also be observed from Figure 4.12 that the fraction of ground motions from
the CS and causal parameters group that cause structural collapse at each intensity
level is even larger than the CS and duration group. This overestimation of the
collapse risk can be attributed to (i) the longer durations of the ground motions in the
CS and causal parameters group selected to match targets corresponding to interface
earthquakes (with median Ds5−75 almost twice the conditional median targets at all
intensity levels), and (ii) the larger response spectral ordinates at periods below the
conditioning period, of the ground motions selected to match targets corresponding
to all types of sources at high intensity levels (e.g., compare Figures 4.9a and 4.11,
or refer to similar plots in the digital appendix). Of the two factors, the effect of
longer duration ground motions is expected to be more dominant, since the collapse
response of the structure is expected to be controlled primarily by spectral ordinates
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Figure 4.13: (a) Bootstrap estimates of the collapse fragility curve corresponding to the
CS and duration group, and (b) the histogram of bootstrap estimates of the percentage
difference in λcollapse estimated by the CS and duration and CS only ground motion groups

(∆λcollapse).
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at periods above the conditioning period. The λcollapse estimated by the CS and causal
parameters group is 53% larger than the value estimated using the CS and duration
group. The standard error of this ∆λcollapse value is 25%, and the empirical p-value
is 0.00, which implies that the estimated value of ∆λcollapse is statistically significant.
This bias in the estimated collapse risk provides further evidence of the drawbacks of
relying too much on earthquake causal parameters to capture effects that are better
represented by duration and response spectra.

To contrast the influence of ground motion duration on structural collapse risk
for sites in Eugene and San Francisco, the ground motion selection and collapse risk
assessment procedure described above, was repeated for these two sites. The durations
and response spectra of the ground motions selected into the three groups for Eugene
and San Francisco were found to follow identical trends as those selected for Seattle,
when compared to their respective targets. The same building was used at all sites,
although it was designed for a site in Seattle, to simplify the comparison of different
ground motion selection procedures. Plots of the durations and response spectra of
all the selected ground motions are available in the digital appendix, along with the
collapse fragility curves estimated using them. The λcollapse values estimated using
the three groups of ground motions selected for Seattle, Eugene, and San Francisco,
are summarized in Table 4.3. In Eugene, the λcollapse estimated by the CS only
control group is 59% lower than that estimated by the CS and duration group. This
decrease is larger than the 29% decrease observed in Seattle and can be explained by
the larger percentage contribution from interface earthquakes to the seismic hazard at
Eugene, hence resulting in a difference in the durations of a larger fraction of ground
motions in the two groups, at each intensity level. In San Francisco, the λcollapse
estimated by the CS only control group is only 7% lower. This small ∆λcollapse

value is the consequence of a near 100% contribution from crustal earthquakes to the
seismic hazard at San Francisco, hence resulting in the selection of ground motions of
almost similar duration in both groups. The λcollapse estimated by the CS and causal
parameters group is greater than the λcollapse estimated by the CS and duration and
CS only groups in both Eugene and San Francisco, following the same trend observed
for Seattle. In the case of Eugene, this can be attributed to the longer durations of
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Table 4.3: Mean annual frequency of collapse (λcollapse) of the reinforced concrete moment
frame building, as estimated using the three groups of ground motions selected for the three
considered sites. The percentage by which the λcollapse values estimated using the CS only
control group and the CS and causal parameters group differ from the value estimated using

the CS and duration group is indicated in parentheses.

Ground motion
group Seattle Eugene San Francisco

CS and duration
group 5.4× 10−5 7.2× 10−5 15× 10−5

CS only control
group 3.8× 10−5 (−29%) 2.9× 10−5 (−59%) 14× 10−5 (−7%)

CS and causal
parameters group 8.2× 10−5 (+53%) 9.7× 10−5 (+34%) 23× 10−5 (+51%)

the ground motions selected to match targets corresponding to interface earthquakes,
as well as the larger response spectral ordinates at periods below the conditioning
period, of all the ground motions selected at high intensity levels, similar to the
reasons outlined for Seattle above. In the case of San Francisco, however, this can
be attributed only to the larger response spectral ordinates, since the durations of
ground motions in the CS and causal parameters group are similar to those in the
other two groups.

Finally, the lognormal collapse fragility curves estimated using the three groups
of ground motions, selected for each of the three sites, were modified to incorporate
model uncertainty in an approximate manner, as per the recommendations of FEMA
(2009b). They were recomputed using the same median, but by adding a lognormal
standard deviation of 0.35, corresponding to modeling uncertainty (as recommended
by FEMA 2009b), using the square root of sum of squares method. Although this
change increased the computed λcollapse values as expected, the relative trends between
the different ground motion groups and sites were found to remain the same. These
trends are expected to be present even if an explicit simulation-based method were
used to account for model uncertainty.
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4.6 Conclusion

A procedure to compute source-specific probability distributions of ground motion
duration, conditional on the exceedance of a spectral acceleration value, Sa(T ∗), was
developed. This calculation procedure is based on the generalized conditional in-
tensity measure (GCIM) approach (Bradley 2010). These source-specific conditional
distributions of duration, along with conditional spectra, serve as targets for the se-
lection of hazard-consistent ground motions for structural performance assessment.
They were used in this study to assess the impact of considering hazard-consistent
duration targets when selecting ground motions for structural collapse risk assess-
ment.

The contribution of long duration ground motions produced by large magnitude in-
terface earthquakes in the Cascadia subduction zone, to the seismic hazard in Western
USA was studied. Target distributions of duration and response spectra were com-
puted for sites in Seattle, Eugene, and San Francisco, each of which are located in
distinct tectonic settings. While interface, in-slab, and crustal earthquakes contribute
to the seismic hazard at Seattle, only interface and in-slab earthquakes contribute
to the hazard at Eugene, and only crustal earthquakes contribute to the hazard at
San Francisco. Considerations for selecting an appropriate mix of hazard-consistent
ground motions for a given seismic hazard environment were discussed, using Seattle
as an example.

The impact of explicitly considering ground motion duration targets when select-
ing records for structural collapse risk assessment was demonstrated by analyzing a
ductile eight-story reinforced concrete moment frame building, designed for a site in
Seattle. The mean annual frequency of collapse, λcollapse, of the structure was first
estimated by conducting a multiple stripe analysis using hazard-consistent ground
motions, selected to match both duration and response spectrum targets computed
for Seattle. When analyzed using standard duration ground motions from the PEER
NGA-West2 database, selected to match only response spectrum targets, λcollapse was
found to be underestimated by 29%. This difference was attributed to the differ-
ence in the durations of the ground motions in the two groups. Similarly, λcollapse
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was underestimated by 59% and 7% when the same structure was analyzed using
ground motions selected to match targets computed for Eugene and San Francisco
respectively. As expected, ground motion duration was found to be a more impor-
tant consideration in sites with large contributions to their seismic hazard from large
magnitude interface earthquakes. These collapse risk estimates were obtained using
the Abrahamson and Silva (1996) prediction equation for Ds5−75. A larger effect
of duration would have been observed if the Kempton and Stewart (2006) predic-
tion equation were used instead, since it predicts longer ground motion durations.
These results are specific to the eight-story moment frame building studied here, and
the effect of duration on structural collapse risk may vary depending on structural
characteristics like period, ductility, and rate of strength and stiffness deterioration
(Chapter 2/Chandramohan et al. 2016b).

The bootstrap was proposed as a convenient tool to estimate the sampling dis-
tribution and standard error of structural collapse risk parameters estimated using
multiple stripe analysis. It was used here to estimate the standard error of the differ-
ence in the mean annual frequency of collapse computed using two groups of ground
motions.

Commonly used ground motion selection procedures that employ earthquake causal
parameters like magnitude, source-to-site distance, and site Vs30 as surrogates for
ground motion characteristics like duration, were found to produce poorer fits to
the duration and response spectrum targets due to the limited number of recorded
ground motions that satisfy the imposed constraints on the ranges of the causal pa-
rameters. As a consequence, ground motions selected using this method to match
targets computed for Seattle, were found to overestimate λcollapse by 53%.

The results of this study demonstrate and quantify the potential contribution
of ground motion duration to the collapse risk of structures located at sites where
large magnitude earthquakes contribute significantly to the seismic hazard. This
warrants an explicit consideration of ground motion duration, in addition to response
spectra, in the design and assessment of structures located near active subduction
zones, which typically produce such large magnitude earthquakes (MW ∼ 9.0). It
should be noted, however, that although duration can have a significant influence on
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structural collapse, its effect on structural response at lower ground motion intensity
levels that do not produce deformations large enough to cause significant strength
and stiffness deterioration is much less pronounced (Bommer et al. 2015). Therefore,
code-based nonlinear structural assessments conducted at or below the MCER ground
motion intensity level are unlikely to detect the influence of duration (Chapter 2/
Chandramohan et al. 2016b). This suggests that methods to incorporate the effect
of ground motion duration in code-based design procedures should be assessed and
calibrated using collapse risk analyses, and then factored into design criteria that are
typically evaluated at the MCER intensity level.



Chapter 5

Hazard-consistent structural

collapse risk assessment using

incremental dynamic analysis

5.1 Abstract

This study develops a structural reliability framework that can be used to compute a
hazard-consistent collapse fragility curve from the results of an incremental dynamic
analysis (IDA), conducted using a generic set of ground motions. The inability to
produce hazard-consistent collapse risk estimates has long been considered the biggest
shortcoming of IDA, and hence, this development brings its capabilities on par with
multiple stripe analysis (MSA). The developed reliability framework quantifies ground
motion intensity using Sa(T1), response spectral shape using a scalar, dimensionless
parameter called SaRatio, and duration using significant duration, Ds. A failure sur-
face is estimated by fitting a linear regression model containing SaRatio and Ds as
predictors, to the ground motion collapse intensities computed from an IDA. SaRatio
and Ds were found to be capable of explaining 81% of the variance in the ground
motion collapse intensities computed by analyzing an eight-story reinforced concrete
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moment frame building. They were similarly found to produce good fits to the col-
lapse intensities computed by analyzing 50 other reinforced concrete moment frame
buildings as well. The target distributions of SaRatio and Ds anticipated at the site
are then integrated over the failure domain to compute a hazard-consistent collapse
fragility curve. The computed fragility curve of the analyzed eight-story reinforced
concrete frame, was found to agree well with that obtained by conducting MSA using
hazard-consistent ground motions, at three different sites with distinct SaRatio and
Ds targets: Seattle (Washington), Eugene (Oregon), and San Francisco (California).

5.2 Introduction

Obtaining an accurate estimate of the seismic collapse risk of a structure requires ex-
plicit consideration of the nature and characteristics of the ground motions that can
be anticipated at the site where it is located, commonly referred to as site-specific seis-
mic hazard information (Bommer et al. 2000; Katsanos et al. 2010). More specifically,
it requires the consideration of those ground motion characteristics that are known
to influence structural collapse capacity, e.g., amplitude, frequency content, duration,
velocity pulses. Hazard-consistent target distributions of any set of ground motion
intensity measures (IMs), conditional on the exceedance of a primary, amplitude-
based IM, can be computed using the framework developed by Bradley (2010) and
Baker (2011). Incremental dynamic analysis (IDA) (Vamvatsikos and Cornell 2002)
is a commonly used method of analysis, wherein a structure is analyzed using ground
motions that are incrementally scaled to higher intensity levels, until they cause
structural collapse. IDA is frequently conducted using generic ground motion sets
like the FEMA P695 far-field set (FEMA 2009b, Appendix A), the Large-Magnitude
Small-Distance (LMSR) set (Krawinkler et al. 2003), and the PEER Transportation
sets (Baker et al. 2011, Chapter 3), which were developed to be structure and site-
independent, and hence, do not represent the seismic hazard at any particular site.
Although IDA can be conducted using site-specific ground motions, the additional ef-
fort involved in selecting these ground motions makes it an unattractive option. Even
if site-specific ground motions are used, using the same set of ground motions scaled to
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different intensity levels has been shown to produce inaccurate, hazard-inconsistent
structural collapse risk estimates, since ground motions of different intensities are
inherently expected to possess different characteristics, like duration and response
spectral shape (Bradley 2013; Kwong et al. 2015). A procedure to compute a hazard-
consistent median collapse capacity by iteratively conducting a modified version of
IDA using ground motions selected to match targets conditional on different succes-
sive intensity levels is described in FEMA P-58 (FEMA 2012b, Appendix J), but
this method is limited and cumbersome. This paper develops a structural reliabil-
ity framework (Melchers 1999) incorporating ground motion duration and response
spectral shape, that can be used to compute a hazard-consistent collapse fragility
curve by post-processing the results of an IDA conducted using a generic record set,
thereby eliminating its biggest shortcoming, and making it a competitive alternative
to multiple stripe analysis (MSA) (Jalayer 2003, Chapter 4).

MSA is yet another method of analysis, wherein a structure is analyzed using
different sets of ground motions, each scaled to a different intensity level. Hazard-
consistent collapse risk estimates can be obtained by ensuring the characteristics of
the ground motions selected at each intensity level, like duration and response spectral
shape, match their corresponding hazard-consistent target distributions, conditional
on that intensity level. This advantage of MSA was the reason for its adoption by
FEMA P-58 as the recommended procedure to conduct time-based structural per-
formance assessments (FEMA 2012b, Chapter 4). IDA, nevertheless, still remains
a popular choice due to its relative simplicity, especially since it can be conducted
using readily available generic ground motion sets. The FEMA P695 methodology for
quantifying building seismic performance factors, for example, requires conducting a
modified version of IDA using a generic prescribed record set, to estimate structural
collapse risk (FEMA 2009b, Chapter 6). It attempts to improve the accuracy of
the collapse risk estimate by adjusting the computed median collapse capacity using
a spectral shape factor, empirically calibrated using ε (Baker and Cornell 2005) as
a proxy for response spectral shape (FEMA 2009b, Appendix B). Haselton et al.
(2011a) also similarly proposes an adjustment to the median collapse capacity based
on ε. In addition to being approximate, this adjustment is shown in this study to be
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inadequate at sites susceptible to long duration ground motions from large magnitude
earthquakes, where an analogous correction for duration is also required. Most pre-
vious attempts to enhance IDA have focussed on improving either its (i) precision,
by developing efficient scalar and vector IMs, usually derived from response spectra,
that exhibit a low degree of variability when used to represent the computed collapse
fragility curve (e.g., Cordova et al. 2000; Vamvatsikos and Cornell 2005; Bojórquez
and Iervolino 2011; Eads et al. 2015; Marafi et al. 2016), or its (ii) computational
efficiency (e.g., Vamvatsikos 2011; Hardyniec and Charney 2015). Some studies like
Dolšek (2009) and Vamvatsikos (2014) have attempted to improve its accuracy by
developing the capability to account for model uncertainty, in addition to record-to-
record uncertainty. This study seeks to improve its accuracy, in line with previous
attempts like FEMA (2009b) (Appendix B), Haselton et al. (2011a), and FEMA
(2012b) (Appendix J), by imparting the ability to compute a site-specific, hazard-
consistent collapse fragility curve, using a generic set of ground motions. A simplified
procedure is also proposed to efficiently compute the hazard-consistent median col-
lapse capacity of a structure, in case the entire collapse fragility curve is not required.

Ground motion selection guidelines contained in current structural design and
performance assessment standards (e.g., PEER TBI 2010, Chapter 5; FEMA 2012b,
Chapter 4; ASCE 2016) explicitly ensure that only the response spectra of the selected
ground motions match site-specific targets. They relegate other ground motion char-
acteristics to qualitative consideration. The response spectrum of a ground motion,
which quantifies its amplitude and frequency content, has been shown by a number
of studies to be well correlated to the peak deformations and collapse capacity of
a structure (e.g., Shome et al. 1998; Baker and Cornell 2006b), thus justifying its
prominent use as a vector ground motion intensity measure. Recent studies have,
however, also demonstrated the influence of ground motion duration on structural
collapse risk (Raghunandan and Liel 2013; Chapter 4/Chandramohan et al. 2016a),
warranting its explicit consideration in structural performance assessment and design,
in addition to response spectra. This paper corroborates the findings of these studies
by demonstrating that a ground motion’s response spectral shape and duration are
both efficient predictors of its collapse intensity. The collapse intensity of a ground
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motion, which is a commonly used metric to quantify its damage potential, refers to
the lowest intensity it needs to be scaled to, to cause structural collapse. Ground
motion intensity is quantified by the spectral acceleration at the fundamental modal
period of the structure, Sa(T1), in line with current structural design practice. Re-
sponse spectral shape is quantified using a scalar parameter called SaRatio (Eads
et al. 2016), and duration using significant duration, Ds (Trifunac and Brady 1975).

The computation of hazard-consistent target distributions of SaRatio and Ds,
which constitute the site-specific loads within the structural reliability framework, is
first described. The computation of the structure-specific failure surface using the
results of an IDA is demonstrated using a ductile eight-story reinforced concrete mo-
ment frame building located in Seattle. The procedure to compute a hazard-consistent
collapse fragility curve by evaluating the reliability integral is then described, and the
results are shown to compare well with those obtained by conducting MSA using
hazard-consistent ground motions. In fact, hazard-consistent MSA is demonstrated
to represent an alternative simulation-based approach to solve the same structural re-
liability problem, which the proposed framework solves analytically. Although Sa(T1)
is used as the primary IM, and SaRatio and Ds as the secondary IMs in this study,
the proposed reliability framework is general in nature, and can accommodate any
alternate set of IMs as well. Factors governing the choice of IMs to be used in the
reliability framework are discussed and used to demonstrate the effectiveness of the
chosen set of IMs. The reliability framework is then applied to a total of 51 reinforced
concrete moment frame buildings, to evaluate and compare the predictive power of a
number of duration metrics proposed in the literature (Bommer and Martinez-Pereira
1999), including different percentage ranges used to compute Ds. The efficiency of
different period ranges used to compute SaRatio is also examined. Finally, a broad
set of guidelines for ground motion selection to obtain accurate collapse risk estimates
using the reliability framework, are proposed.
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5.3 Computation of SaRatio and Ds of a ground

motion

The parameter SaRatio was proposed by Eads et al. (2016) as a scalar, dimensionless
measure of a ground motion’s response spectral shape. It is computed according to
Equation (5.1a), as the ratio of the spectral acceleration at a specific period, Sa(T ),
and the geometric mean of the portion of the response spectrum that lies between the
periods Tstart (usually < T ) and Tend (usually > T ), denoted by Sa,avg(Tstart, Tend).
Note that 5% damped pseudo acceleration response spectra are used throughout this
paper. Sa,avg(Tstart, Tend) is computed according to Equation (5.1b), as the sample
geometric mean of response spectral ordinates, discretely sampled at n linearly spaced
periods from Tstart to Tend: τ1, τ2, . . . , τn, such that τ1 = Tstart and τn = Tend (Baker
and Cornell 2006a; Eads et al. 2015):

SaRatio(T, Tstart, Tend) =
Sa(T )

Sa,avg(Tstart, Tend)
(5.1a)

Sa,avg(Tstart, Tend) =

(
n∏

j=1

Sa(τj)

)1/n

(5.1b)

A more general method to compute Sa,avg, as the geometric mean of the function
Sa(T ), is described in Appendix B. This method offers the advantage of not requiring
the re-sampling of the response spectrum at a set of specific linearly spaced periods,
and avoids any loss in accuracy in the computation of Sa,avg due to widely spaced
periods.

The response spectra of two ground motions with low and high SaRatio(1.0 s, 0.2 s, 3.0 s)

values, normalized to have Sa(1.0 s) = 1 g, are plotted in Figure 5.1. Since SaRatio
is a dimensionless metric, its value remains unchanged as the ground motions are
linearly scaled. The ground motion with a low SaRatio value has a low response
spectral ordinate at 1.0 s and relatively high response spectral ordinates at all other
periods between 0.2 s and 3.0 s. The opposite is true for the ground motion with a high
SaRatio value. Since the two ground motions are scaled to the same Sa(1.0 s) value,
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assuming they also have similar durations, the ground motion with a low SaRatio

value is expected to be more damaging, because it possesses more energy at periods
above and below 1.0 s. Eads et al. (2015) recommended using the period range 0.2T

to 3.0T to compute SaRatio at the period T , since it was found to be most efficient in
predicting the collapse intensity of a ground motion used to analyze a structure with
fundamental elastic modal period T . This recommendation was based on observations
from conducting collapse analyses on a number of reinforced concrete moment frame
and shear wall buildings. Although the optimal period range to compute SaRatio is
expected to be a function of structural characteristics like material, structural system,
fundamental elastic modal period, ductility, etc., the range 0.2T to 3.0T was found
to perform close to optimal for all the structures considered in this study as well.

The parameter ε
[
Sa(T )

]
, defined as the number of standard deviations the natural

logarithm of Sa(T ) of a ground motion is above or below the natural logarithm of the
median Sa(T ) value predicted by a prediction equation, has been previously used as an
implicit measure of a ground motion’s response spectral shape in standards like FEMA
P695 (FEMA 2009b, Appendix B; Haselton et al. 2011a). The parameter SaRatio
is, however, preferred over ε

[
Sa(T )

]
in this study, because it offers the advantage of

being computable directly from a ground motion time series, without any knowledge
of its causal parameters, like magnitude, source-to-site distance, and site Vs30 (the
time-averaged shear wave velocity of the top 30m of the soil profile). Eads et al.
(2016) also demonstrated that SaRatio is a better predictor of a ground motion’s
collapse intensity, than ε

[
Sa(T )

]
.

The significant duration of a ground motion is defined as the time interval over
which a specific percentage range of the integral

∫ tmax

0
a2(t)dt is accumulated, where

a(t) represents the ground acceleration at time t, and tmax represents the length of
the accelerogram. The computation of 5–75% significant duration, Ds5−75, of an
accelerogram is illustrated in Figure 5.2. Significant duration is used here since it
was identified to be the duration metric best suited for ground motion selection for
collapse risk assessment in Chapter 2/Chandramohan et al. (2016b).

Although SaRatio and Ds are used in conjunction with Sa(T1) in the calculations
presented below, the reliability framework proposed in this paper is general in nature,
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Figure 5.1: Response spectra of two ground motions with low and high
SaRatio(1.0 s, 0.2 s, 3.0 s) values, normalized to have Sa(1.0 s) = 1 g. The vertical line at
1.0 s corresponds to the period at which Sa in the numerator of Equation (5.1a) is com-
puted, and the unshaded period range from 0.2 s to 3.0 s corresponds to the domain over
which Sa,avg in the denominator of Equation (5.1a) is computed. The ground motion with a
low SaRatio(1.0 s, 0.2 s, 3.0 s) value of 0.88 was recorded from the 1979 Imperial Valley earth-
quake, at the El Centro Array #11 station; and the one with a high SaRatio(1.0 s, 0.2 s, 3.0 s)
value of 2.95 was recorded from the 1999 Duzce, Turkey earthquake, at the Bolu station.

Both ground motions are taken from the FEMA P695 far-field set.
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Figure 5.2: (Top) East-West component of the accelerogram recorded from the 2010
Maule (Chile) earthquake at the Talca station; and (Bottom) the normalized, cumulative
integral of a2(t)—known as a Husid plot (Husid 1969)—illustrating the computation of

5–75% significant duration of the accelerogram.

and can be used with any set of IMs that possess the characteristics described in § 5.6.
Sa(T1), SaRatio, and Ds are, however, shown to possess a number of characteristics
that make them well suited for use in the reliability framework.

5.4 Computation of hazard-consistent target dis-

tributions of SaRatio and Ds

The procedure to compute hazard-consistent target probability distributions of SaRatio
and Ds is an extension of previously developed methods to compute a conditional
spectrum (Abrahamson and Al Atik 2010; Jayaram et al. 2011b) and generalized con-
ditional intensity measure (GCIM) (Bradley 2010). These distributions are computed
conditional on the exceedance of a primary, amplitude-based, scalar ground motion
intensity measure, which is quantified by traditional probabilistic seismic hazard anal-
ysis (PSHA) (McGuire 2004). This method sidesteps the complications associated
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with vector PSHA (Bazzurro 1998; Baker and Cornell 2005; Kohrangi et al. 2016),
while retaining all the benefits of using a vector IM over a scalar IM, as demonstrated
in § 5.5.3. The spectral acceleration at the fundamental modal period of the struc-
ture under consideration, Sa(T1), is used as the conditioning intensity measure in this
study, in line with current structural evaluation practice.

Let ln IM represent the vector containing the natural logarithms of Sa(τj): the
response spectral ordinates at the same linearly spaced periods used to compute Sa,avg
according to Equation (5.1b), and Ds:

ln IM =





lnSa(τ1)

lnSa(τ2)
...

lnSa(τn)

lnDs





=





ln IM1

ln IM2

...
ln IMn

ln IMn+1





(5.2)

Since values of Sa(τj) and Ds for a given earthquake scenario, are usually modeled
as lognormal random variables, ln IM for a given earthquake scenario, has a multi-
variate normal distribution (Abrahamson and Silva 1996; Jayaram and Baker 2008).
Computing the mean and covariance of ln IM conditional on the exceedance of a cer-
tain Sa(T1) value: µln IM | lnSa(T1) and Σln IM | lnSa(T1) respectively, requires knowledge
of the seismic hazard deaggregation, i.e., the earthquake scenarios that are most likely
to cause the exceedance of that Sa(T1) value at the site. Let the ith of m earthquake
scenarios be defined by (i) magnitude, Mi; (ii) source-to-site distance, Ri; (iii) other
characteristics (e.g., Vs30, faulting mechanism), Θi; (iv) total residual or ε-value for
Sa(T1), εi

[
Sa(T1)

]
; and (v) relative contribution pi.

The marginal mean and standard deviation of ln IMk: the kth element of ln IM ,
for the ith earthquake scenario, is then computed using a prediction equation for IMk:

µln IMk(i) = gIMk
(Mi, Ri,Θi) (5.3a)

σln IMk(i) = hIMk
(Mi, Ri,Θi) (5.3b)
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where gIMk
and hIMk

represent functions defined by the prediction equation for IMk.
For a site like Seattle, which receives seismic hazard contributions from multiple types
of seismic sources (interface and in-slab earthquakes from the Cascadia subduction
zone, and crustal earthquakes from the Seattle fault zone), appropriate models specific
to each type of source should be used in the computations. This study uses Campbell
and Bozorgnia (2014) to predict response spectral ordinates for crustal earthquakes
and Abrahamson et al. (2016) for interface and in-slab earthquakes. Abrahamson and
Silva (1996) is used to predict significant duration for all types of seismic sources. It is
worth noting that empirical prediction equations are currently limited in their ability
to capture the anticipated amplification in response spectral ordinates and durations
of ground motions at sites atop sedimentary basins, e.g., Seattle, Los Angeles, and
Mexico City, although some attempt to do so via a basin-depth term (Marafi et al.
2017). Physics-based ground motion simulations, on the other hand, show tremendous
promise in quantifying the seismic hazard at such sites (Chávez-García and Bard 1994;
Frankel 2000; Pitarka 2004; Frankel et al. 2007; Olsen et al. 2008).

The covariance matrix of ln IM for the ith earthquake scenario is given by

Σln IM(i) = σln IM(i) ρIM σln IM(i) (5.4a)

σln IM(i) =




σln IM1(i)

σln IM2(i)

. . .

σln IMn+1(i)




(5.4b)

ρIM =




1 ρ
[
IM1, IM2

]
. . . ρ

[
IM1, IMn+1

]

ρ
[
IM2, IM1

]
1 . . . ρ

[
IM2, IMn+1

]
...

... . . . ...
ρ
[
IMn+1, IM1

]
ρ
[
IMn+1, IM2

]
. . . 1




(5.4c)

where σln IMk(i) is computed using Equation (5.3b) and ρ
[
IMk, IMl

]
represents the

correlation between the ε-values of IMk and IMl. In this study, the Baker and
Jayaram (2008) model for the correlation between the ε-values of response spectral
ordinates is used for crustal and in-slab earthquakes, while the Al Atik (2011) model is
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used for interface earthquakes. The Bradley (2011) model for the correlation between
the ε-values of significant duration and response spectral ordinates is used for all types
of seismic sources. Note that the Abrahamson and Silva (1996) and Bradley (2011)
models for significant duration are used for all types of seismic sources although they
were developed only for crustal sources, since similar models for interface and in-slab
earthquakes have not yet been developed. Although these models are believed to be
reasonable for the calculations performed here, additional studies are necessary to
verify the validity of their use in this context.

The conditional mean of ln IM for the ith earthquake scenario is then computed
as

µln IM(i) | lnSa(T1) =





µln IM1(i) + ρ
[
IM1, Sa(T1)

]
εi
[
Sa(T1)

]
σln IM1(i)

µln IM2(i) + ρ
[
IM2, Sa(T1)

]
εi
[
Sa(T1)

]
σln IM2(i)

...
µln IMn+1(i) + ρ

[
IMn+1, Sa(T1)

]
εi
[
Sa(T1)

]
σln IMn+1(i)





(5.5)

where µln IMk(i) and σln IMk(i) are computed using Equations (5.3a) and (5.3b) re-
spectively. The conditional covariance of ln IM for the ith earthquake scenario is
computed as

Σln IM(i) | lnSa(T1) = Σln IM(i) − ai aTi (5.6a)

ai =





ρ
[
IM1, Sa(T1)

]
σln IM1(i)

ρ
[
IM2, Sa(T1)

]
σln IM2(i)

...
ρ
[
IMn+1, Sa(T1)

]
σln IMn+1(i)





(5.6b)

where Σln IM(i) is computed using Equation (5.4a). Note that the computations de-
scribed in Equations (5.4a) to (5.6b) are similar to those described in Equations (6)
to (9) from Jayaram et al. (2011b). The equations in Jayaram et al. (2011b), however,
describe the computation of a conditional spectrum only, and are extended here by
appending lnDs to the vector of logarithms of response spectral ordinates, consistent
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with the GCIM approach. Equations (3) to (7) proposed by Bradley (2012) also pro-
vide similar information, although they individually compute conditional standard
deviations and correlations, which can be combined in a manner similar to Equa-
tion (5.4a), to compute a conditional covariance matrix. Finally, the weighted aver-
age conditional mean and covariance of ln IM , over all m deaggregated earthquake
scenarios, can be computed using

µln IM | lnSa(T1) =
m∑

i=1

piµln IM(i) | lnSa(T1) (5.7a)

Σln IM | lnSa(T1) =
m∑

i=1

pi

[
Σln IM(i) | lnSa(T1) + ∆µln IM(i) | lnSa(T1) ∆µln IM(i) | lnSa(T1)

T
]

(5.7b)

∆µln IM(i) | lnSa(T1) = µln IM(i) | lnSa(T1) − µln IM | lnSa(T1) (5.7c)

where µln IM(i) | lnSa(T1) and Σln IM(i) | lnSa(T1) are computed using Equations (5.5)
and (5.6a) respectively. Equations (5.7a) to (5.7c) are similar to the equations pro-
posed by Lin et al. (2013a), but extend them by computing not just the conditional
standard deviations of the elements of ln IM , but their entire conditional covariance
matrix.

The conditional distribution of lnSaRatio is also normal since it can be shown to
be an affine function of other normal random variables. Taking the natural logarithm
of Equations (5.1a) and (5.1b), we get

lnSaRatio = lnSa(T1)−
1

n

n∑

j=1

lnSa(τj) (5.8)

It is important to note that lnSa(T1) in Equation (5.8) is not random since it is
the conditioning intensity measure. Let ln ĨM represent the vector containing the
natural logarithms of SaRatio and Ds:

ln ĨM =

{
lnSaRatio

lnDs

}
(5.9)
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Using Equations (5.2), (5.8) and (5.9), ln ĨM | lnSa(T1) can be written as an affine
transformation of ln IM | lnSa(T1) using the following matrix equations:

ln ĨM | lnSa(T1) = A ln IM | lnSa(T1) + b (5.10a)

A =

[
−1/n −1/n . . . −1/n 0

0 0 . . . 0 1

]
(5.10b)

b =

{
lnSa(T1)

0

}
(5.10c)

The conditional mean and covariance of ln ĨM are now given by

µln ĨM | lnSa(T1)
= A µln IM | lnSa(T1) + b (5.11a)

Σln ĨM | lnSa(T1)
= A Σln IM | lnSa(T1) A

T (5.11b)

where µln IM | lnSa(T1) and Σln IM | lnSa(T1) are computed using Equations (5.7a) and (5.7b)
respectively. µln ĨM | lnSa(T1)

and Σln ĨM | lnSa(T1)
computed using Equations (5.11a)

and (5.11b) respectively, fully define the hazard-consistent joint target distribution
of SaRatio and Ds, conditional on the exceedance of any Sa(T1) value. Note that
computing the marginal conditional median target SaRatio using Equation (5.11a)
is equivalent to computing the SaRatio value directly from the conditional mean
spectrum (CMS) (Baker 2011) using Equations (5.1a) and (5.1b).

The median SaRatio(1.76 s, 0.35 s, 5.00 s) and Ds5−75 targets, conditional on the
exceedance of a range of Sa(1.76 s) values at three sites in Western USA: Seattle
(Washington), Eugene (Oregon), and San Francisco (California) are plotted in Fig-
ure 5.3. The period 1.76 s corresponds to the fundamental modal period of the eight-
story reinforced concrete moment frame building used in the demonstration of the re-
liability framework. SaRatio was computed only until 5.00 s instead of 3.0T1 = 5.28 s

since the Al Atik (2011) model does not provide correlation coefficients for response
spectral ordinates at periods above 5.00 s. This is, however, not expected to alter
the obtained results noticeably. Targets were computed at discrete Sa(1.76 s) levels
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at which deaggregation information was available from USGS (2008), and were inter-
polated and linearly extrapolated to higher Sa(1.76 s) levels using smoothing splines
(James et al. 2013, p. 277). The amount of extrapolation required in the computa-
tions described below was small, and judged to be reasonable considering the trends
in the targets at large Sa(1.76 s) levels are almost linear. The increasing trends in
the SaRatio and Ds targets indicate that intense ground motions tend to have more
peaked response spectral shapes, i.e., low response spectral ordinates at periods above
and below T1, compared to T1 itself (as indicated by the peaked shape of the CMS),
and longer durations. The target durations at Eugene are long because large mag-
nitude interface earthquakes from the Cascadia subduction zone, that produce long
duration ground motions, are the major contributors to its seismic hazard. On the
other hand, target durations at San Francisco are short because its seismic hazard
is dominated by lower magnitude crustal sources, which produce shorter duration
ground motions. Seattle receives comparable contributions to its seismic hazard from
interface, in-slab, and crustal earthquakes, and therefore, its target durations lie be-
tween San Francisco and Eugene.

5.5 Collapse risk assessment using the structural

reliability framework

A ductile eight-story reinforced concrete moment frame building, designed for a site
in Seattle, is used to demonstrate the application of the proposed structural reliability
framework for collapse risk estimation. This frame was chosen because it had been
previously analyzed by the authors in a related study (Chapter 4/Chandramohan
et al. 2016a), and hazard-consistent collapse risk estimates obtained by conducting
MSA were readily available for comparison. The two-dimensional, centerline model
of the structure, which was created and analyzed in OpenSees rev. 5184 (McKenna
et al. 2006), is illustrated in Figure 5.4. The model was originally developed by
Raghunandan et al. (2015) to study the collapse risk of reinforced concrete structures
in the US Pacific Northwest. The first story of the frame is 4.57m tall and each
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Figure 5.3: Median (a) SaRatio(1.76 s, 0.35 s, 5.00 s) and (b) Ds5−75 targets, conditional
on the exceedance of different Sa(1.76 s) values at Seattle, Eugene, and San Francisco.
The solid circles represent computed median targets conditional on Sa(1.76 s) levels at
which deaggregation information was available, and the curve is a smoothing spline used
to interpolate and linearly extrapolate the targets to higher Sa(1.76 s) levels. Targets at
the risk-targeted maximum considered earthquake (MCER) intensity level (ASCE 2016) at

each site are represented by hollow circles.
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Figure 5.4: Schematic of the eight-story reinforced concrete moment frame model.

remaining story is 3.96m tall; each bay is 6.10m wide. The beams and columns of
the frame were modeled using linear elastic elements, with zero-length plastic hinges
located at either end. The hysteretic behavior of the plastic hinges was modeled us-
ing the peak-oriented Ibarra-Medina-Krawinkler model (Ibarra et al. 2005), modified
as per the recommendations of Lignos and Krawinkler (2012) (p. 26). This model
includes a post-peak negative stiffness branch of the backbone curve to capture in-
cycle deterioration, as well as cyclically deteriorating strength and stiffness based on
the cumulative hysteretic energy dissipated. Finite beam-column joints were mod-
eled, with elastic shear deformations. The destabilizing P − ∆ effect of the gravity
loads tributary to other parts of the structure was captured using a pin-connected
leaning column. Previous studies have demonstrated the need to model deterioration
in strength and stiffness of structural components at large inelastic deformations,
as well as the destabilizing effect of gravity loads, in order to capture the effect of
ground motion duration on structural response (Raghunandan and Liel 2013; Chap-
ter 2/Chandramohan et al. 2016b). The structure is assumed to be located on a site
with Vs30 = 760 m/s. Further details about the design and the numerical model are
provided in Raghunandan et al. (2015).



CHAPTER 5. HAZARD-CONSISTENT IDA 131

A generic set of 88 recorded ground motions was selected to analyze the structure,
in a manner not meant to represent the hazard at any specific site. 44 of these ground
motions were taken from the FEMA P695 far-field set, which contains relatively short
duration ground motions (with Ds5−75 < 25 s), recorded from shallow crustal earth-
quakes. These ground motions have a wide range of SaRatio(1.76 s, 0.35 s, 5.00 s)

values, which is shown to help improve the accuracy of the obtained collapse risk
estimates, as described in § 5.7. The remaining 44 were selected from long duration
ground motions (with Ds5−75 > 25 s) recorded from both large magnitude interface
earthquakes like the 2011 Tohoku (Japan), 2010 Maule (Chile), and 1985 Michoa-
can (Mexico) earthquakes, and large magnitude crustal earthquakes like the 2008
Wenchaun (China) and 2002 Denali (USA) earthquakes. This was done so that the
88 selected records have a wide range of Ds5−75 values as well, covering the broad
range of ground motion durations anticipated at Seattle. In addition, each of the
44 long duration ground motions was selected to have a similar response spectrum
to one of the short duration ground motions, using the same procedure outlined in
Chapter 2/Chandramohan et al. (2016b). The objective of doing so was to intro-
duce orthogonality in the selection procedure, i.e., to select records with the same
SaRatio(1.76 s, 0.35 s, 5.00 s) value, but different Ds5−75 values, the benefits of which
are described in § 5.7. Detailed information regarding the selected records, including
response spectra and time series plots, is provided in Appendix A. Although just
one record set is used in the sample computations performed below, the proposed
framework is general in nature, and similar results can be expected using any set of
records, as long as a few record selection guidelines described in § 5.7 are adhered
to. The selected ground motions were used to conduct IDA on the structural model.
Each ground motion was scaled to incrementally higher intensity levels until struc-
tural collapse, indicated by the exceedance of a peak story drift ratio (SDR) of 0.10,
was observed. The collapse intensity of each ground motion, computed as its Sa(T1)
value when scaled to the lowest intensity level required to cause structural collapse,
was recorded. The explicit central difference numerical time integration scheme was
used to conduct all analyses, since it was found to be more robust and efficient than
implicit time integration schemes, which sometimes failed to converge (Chapter 7).
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5.5.1 Computation of the failure surface

The following multiple linear regression equation is fit to the recorded ground motion
collapse intensities, using the least-squares method:

lnSa(T1) at collapse = c0 + css lnSaRatio+ cdur lnDs+ ε (5.12)

where ε represents the error term that implicitly accounts for all other ground motion
characteristics that influence collapse intensity, but were not explicitly considered in
the regression model. This error term is assumed to be independent of the other
random variables and normally distributed with zero mean and standard deviation
σ, which can be estimated as

σ̂ =

√
RSS

ngm − 3
(5.13)

where RSS represents the sum of the squares of the residuals, ngm is the number of
ground motions used in the analysis (ngm = 88 in this case), and the number 3 in the
denominator refers to the number of degrees of freedom, or the number of unknown
coefficients in the regression equation. The expected collapse intensity of a ground
motion with a certain SaRatio and Ds value is now given by

E
[

lnSa(T1) at collapse | lnSaRatio, lnDs
]

= c0 + css lnSaRatio+ cdur lnDs (5.14)

This equation represents a plane in three dimensional space, and is plotted in Fig-
ure 5.5. It can be observed from Figure 5.5b that ground motions with longer du-
rations and lower SaRatio values (high response spectral ordinates at periods above
and below T1, relative to Sa(T1)) generally cause structural collapse when scaled to
lower intensities, i.e., they are inherently more damaging. Specifically, the coefficients
css and cdur quantify the influence of ground motion response spectral shape and du-
ration respectively, on collapse intensity, while holding the other parameter constant.
For instance, the coefficient cdur, which is estimated to be −0.21, can be interpreted
to imply that a 0.21% decrease in collapse intensity is expected for every 1% increase
in Ds, while holding SaRatio constant.
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Figure 5.5: (a) Surface and (b) contour plots of Equation (5.14): the expected collapse
intensity of a ground motion used to analyze the eight-story reinforced concrete moment
frame building, modeled as a linear function of its SaRatio(1.76 s, 0.35 s, 5.00 s) and Ds5−75.
Individual data points used to fit the multiple linear regression model are shown as circles
in both plots. In (a), circles lying above the regression plane are shaded red, and those
lying below are shaded blue; the vertical lines represent the residuals. In (b), the contours

represent the expected Sa(1.76 s) value at collapse.
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The coefficient of determination, R2, from the regression analysis is 0.81, which
implies that response spectral shape and duration, together explain 81% of the vari-
ance in the ground motion collapse intensities. The introduction of higher order or
interaction terms into the regression equation was not found to produce any signifi-
cant improvements in the R2; hence the simple linear model was retained. The R2 was
computed to be 0.45 for a model containing only SaRatio (i.e., the model in Equa-
tion (5.12) with cdur = 0), and 0.40 for one containing only Ds, indicating that they
each contribute almost equal predictive power to the regression model involving them
both. The fact that the R2 obtained using Equation (5.12) (0.81) is nearly equal to
the sum of the R2 values obtained using SaRatio and Ds individually (0.45 and 0.40
respectively), also implies that response spectral shape and duration provide mostly
non-redundant information in predicting a ground motion’s collapse intensity. It is
worth noting here that the R2 obtained by fitting a linear regression model containing
only SaRatio to the collapse intensities of the 44 short duration ground motions from
the FEMA P695 far-field set only, is 0.79, which is significantly larger than 0.45, the
R2 obtained using all 88 ground motions. This observation provides the following
explanation for why a number of previous studies like Shome et al. (1998), Bianchini
et al. (2009), Mehanny (2009), Bojórquez and Iervolino (2011), Eads et al. (2015),
and Kazantzi and Vamvatsikos (2015) found IMs based on response spectra alone to
be good predictors of structural response: they used predominantly short duration
ground motions from shallow crustal earthquakes. These results justify the use of
both SaRatio and Ds as secondary IMs in the proposed reliability framework. They
also possess a number of the other characteristics of IMs well suited for use in the
reliability framework, described in § 5.6.

Equation (5.12) can now be cast in the following form, to represent a failure surface
(Melchers 1999, Chapter 1), q:

q =
(
c0 + css lnSaRatio+ cdur lnDs+ ε

)
− lnSa(T1) = 0 (5.15)

which is a function of the following four random variables: SaRatio, Ds, Sa(T1), and
ε. This failure surface can be viewed as a response surface (Melchers 1999, § 5.5),
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i.e., a simplified model of the collapse response of the structure. By virtue of being
a failure surface, the domain q ≤ 0 contains all possible combinations of SaRatio,
Ds, Sa(T1), and ε that lead to structural collapse. The probability that a ground
motion with a certain SaRatio and Ds, when scaled to a certain Sa(T1) value, will
cause structural collapse, can now be computed without conducting any additional
structural analyses, by just integrating the probability density function of ε over the
domain q ≤ 0. From Equation (5.15), this is equivalent to integrating the probability
density function of ε over the domain ε ≤ lnSa(T1)−

(
c0 +css lnSaRatio+cdur lnDs

)
:

P
[
collapse | lnSaRatio, lnDs, lnSa(T1)

]

= Φ

[
lnSa(T1)−

(
c0 + css lnSaRatio+ cdur lnDs

)

σ̂

]
(5.16)

where Φ represents the standard normal cumulative distribution function and σ̂ is
computed using Equation (5.12). The probability of causing collapse is, therefore,
equal to 0.5 when the ground motion is scaled such that its Sa(T1) is equal to
exp

(
c0 + css lnSaRatio+ cdur lnDs

)
. This probability approaches 0 at lower Sa(T1)

values, and 1 at higher Sa(T1) values. It is worth noting that this simplified repre-
sentation of the collapse response of a structure does not consider the possibility of
structural resurrection (Vamvatsikos and Cornell 2002), wherein the structure does
not collapse under a ground motion scaled to certain Sa(T1) values above its col-
lapse intensity. The small likelihood of encountering structural resurrection, however,
justifies ignoring this phenomenon.

5.5.2 Computation of the hazard-consistent collapse fragility

curve

A collapse fragility curve describes the probability of collapse as a function of the
ground motion intensity level. The probability of collapse at any Sa(T1) level can be
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computed by numerically evaluating the following reliability integral:

P
[
collapse | lnSa(T1)

]
=

∫∫
P
[
collapse | lnSaRatio, lnDs, lnSa(T1)

]

f
[

lnSaRatio, lnDs | lnSa(T1)
]
d (lnSaRatio) d (lnDs) (5.17)

The two terms in the integrand of the reliability integral, conditional on two different
Sa(T1) levels in Seattle, are illustrated in Figure 5.6. The term P

[
collapse | lnSaRatio, lnDs, lnSa(T1)

]

is computed using Equation (5.16). It represents the probability of observing struc-
tural collapse as a function of the ground motion characteristics and is depicted by
the linear contours in Figure 5.6. This term depends only on the structure under
consideration and is site-independent. It is worth noting that the linear contour cor-
responding to a probability of 0.5 represents the intersection of the regression plane
defined by Equation (5.14) and a horizontal plane drawn through the considered
Sa(T1) level. The term f

[
lnSaRatio, lnDs | lnSa(T1)

]
is computed as the probabil-

ity density function of a bivariate normal distribution whose mean, µln ĨM | lnSa(T1)
,

and covariance, Σln ĨM | lnSa(T1)
, are given by Equations (5.11a) and (5.11b) respec-

tively. It represents the distribution of the characteristics of the anticipated ground
motions and is depicted by the elliptical contours in Figure 5.6. This term depends
only on the site-specific seismic hazard and is structure-independent. The larger de-
gree of overlap between the two sets of contours at the higher Sa(T1) value indicates
a larger likelihood of observing structural collapse at this Sa(T1) value, as intuitively
expected. Although Equation (5.17) is similar to Equations (20) and (21) in Baker
(2007), this study extends upon it in a number of ways, most importantly, by identi-
fying SaRatio and Ds as efficient predictors of a ground motion’s collapse intensity.

A collapse fragility curve is computed by evaluating Equation (5.17) at multiple
Sa(T1) levels. The computed curve is plotted in Figure 5.7a with the label “IDA: Using
Sa(T1), SaRatio, and Ds”. The collapse fragility curve computed in this manner is
non-parametric in nature and does not require the assumption of any parametric
functional form; a lognormal cumulative distribution function is otherwise commonly
assumed. The median collapse capacity, µ, defined as the Sa(T1) level corresponding
to a 50% probability of collapse, is computed to be 0.70 g, and the mean annual
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Figure 5.6: A schematic illustrating the two terms in the integrand of the reliability
integral in Equation (5.17), conditional on two Sa(1.76 s) levels in Seattle: 0.4 g and 0.7 g

frequency of collapse, λcollapse, computed by integrating the product of the collapse
fragility curve and the derivative of the seismic hazard curve, is determined to be
5.6× 10−5. These collapse risk metrics are summarized in Table 5.1. The proposed
procedure to compute the hazard-consistent collapse fragility curve of a structure
using the results of an IDA, as per the developed structural reliability framework, is
summarized in Procedure 5.1.

5.5.3 Comparison to other collapse risk estimation methods

To evaluate the accuracy of the collapse risk estimates obtained using the proposed
reliability framework, they were compared to those obtained by conducting MSA
using 8 sets of 100 hazard-consistent ground motions, selected to match source-
specific target distributions of response spectra and Ds5−75 conditional on differ-
ent Sa(T1) levels, as per the procedure outlined in Chapter 4/Chandramohan et
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Procedure 5.1: Compute the hazard-consistent collapse fragility curve of a
structure using the results of an IDA.

1 Develop a numerical model of the structure that incorporates the in-cycle and cyclic
deterioration of strength and stiffness of the structural components, and the
destabilizing P −∆ effect.

2 Define the set of Sa(T1) levels at which the probability of collapse is to be computed.

3 Compute the site-specific, hazard-consistent joint probability distributions of
SaRatio and Ds conditional on each of these Sa(T1) levels, using Equations (5.11a)
and (5.11b).

4 Either select a generic set of records as per the recommendations outlined in § 5.7, or
use the same set of 88 records used in this study.

5 Conduct IDA to compute the collapse intensity of each ground motion, i.e., the
lowest Sa(T1) value it needs to be scaled to, to cause structural collapse.

6 Fit the linear regression model in Equation (5.12) to the computed ground motion
collapse intensities, and compute σ̂ using Equation (5.13).

7 Evaluate the reliability integral in Equation (5.17) to compute the probability of
collapse at each Sa(T1) level.

al. (2016a). The fragility curve computed using hazard-consistent MSA is plot-
ted in Figure 5.7a with the label “MSA: Using response spectra and Ds”. This
curve is parametric in nature and is described by a lognormal cumulative distri-
bution function. The collapse risk metrics obtained using MSA (µ = 0.68 g and
λcollapse = 5.4× 10−5) are found to be in good agreement with the metrics computed
using the proposed reliability framework. This equivalence of the two approaches
can be explained by viewing MSA as just a simulation-based approach to evaluate
the reliability integral in Equation (5.17). Selecting hazard-consistent ground mo-
tions at an Sa(T1) level is equivalent to simulating SaRatio and Ds values from the
distribution f

[
lnSaRatio, lnDs | lnSa(T1)

]
. Computing the probability of collapse

as the fraction of these ground motions that cause structural collapse is equivalent
to integrating it with P

[
collapse | lnSaRatio, lnDs, lnSa(T1)

]
over all SaRatio and

Ds values. The reliability framework proposed here, on the other hand, employs an
analytical approach to evaluate the same reliability integral, by explicitly determining
the failure surface. A minor difference between the two approaches is that a vector of
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response spectral ordinates at different periods is usually considered when selecting
hazard-consistent ground motions to conduct MSA, while only Sa(T1) and SaRatio

are used to quantify ground motion intensity and response spectral shape respectively,
in the proposed reliability framework. The agreement between the results obtained
using the two methods, however, suggests that a vector containing just Sa(T1) and
SaRatio exhibits a nearly similar degree of statistically sufficiency (Rice 2006, p. 305)
for the estimated structural collapse risk, as the entire response spectrum.

The hazard-consistency of the collapse risk estimates obtained by conducting MSA
is contingent on the relevant IMs of the selected ground motions providing a close
match to their respective target distributions, which is often hard to achieve when
selecting small sets of ground motions at each Sa(T1) level. In addition, although some
of proposed ground motion selection algorithms like Jayaram et al. (2011b), Wang
(2011), and Bradley (2012) account for the correlation between the considered IMs,
neither of them explicitly ensure that the correlation structure of the IMs in the final
selected record set matches the target. The proposed reliability framework, however,
does not suffer from these drawbacks since it treats the target distributions of the
IMs analytically. It also explicitly accounts for the correlation between SaRatio and
Ds when evaluating the reliability integral, and the correlation structure among the
response spectral ordinates themselves—within the period range Tstart to Tend—when
computing the marginal distribution of SaRatio.

The conventional practice of computing a collapse fragility curve from the results of
an IDA involves using only Sa(T1), a scalar IM, while ignoring both response spectral
shape and duration. To evaluate the effectiveness of this method, another collapse
fragility curve was computed by fitting the moments of a lognormal distribution to
the sample moments of the ground motion collapse intensities using the maximum
likelihood approach. The computed fragility curve is plotted in Figure 5.7a with the
label “IDA: Using Sa(T1) only”, and is found to significantly over-estimate the collapse
risk (µ = 0.56 g and λcollapse = 10× 10−5). The inaccuracy of this method stems from
the fact that it does not incorporate any site-specific seismic hazard information.
Hence, the same fragility curve would be computed irrespective of where the structure
was located. The fragility curve obtained by adjusting the median collapse capacity
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estimated using only the 44 ground motions from the FEMA P695 far-field set, by a
spectral shape factor, as per the recommendations of FEMA (2009b) (Appendix B),
on the other hand, is found to significantly under-estimate the collapse risk (µ = 1.13 g

and λcollapse = 1.0× 10−5). This fragility curve is also plotted in Figure 5.7a with the
label “IDA: Using Sa(T1) and FEMA P695 spectral shape adjustment”. The error in
this method is not just a consequence of the approximate nature of the spectral shape
adjustment based on ε, recommended by FEMA P695, but also of ignoring duration.
Further adjustment of the median collapse capacity by a duration factor, analogous
to the spectral shape factor, could presumably improve the accuracy of this method.

To demonstrate the consistency of the trends in the fragility curves obtained using
the different methods described above, the structure was re-analyzed, assuming it to
be located first in Eugene, and then in San Francisco. As described in § 5.4 above,
the nature of the seismic hazard at these two sites is completely different from the
seismic hazard at Seattle. The computed fragility curves are plotted in Figure 5.7b
and Figure 5.7c respectively. At both these sites, the collapse risk estimates ob-
tained using the reliability framework are found to agree well with those obtained by
conducting hazard-consistent MSA, thus reaffirming their equivalence. For the same
reasons described previously, the fragility curve computed by considering only Sa(T1)
is the same at all three sites, and the one incorporating the spectral shape adjust-
ment as per the recommendations of FEMA P695, significantly under-estimates the
collapse risk. It is worth noting that the median collapse capacity of the structure is
lowest in Eugene (µ = 0.58 g) since it experiences the longest duration ground mo-
tions, with moderately low SaRatio values (refer to Figure 5.3). The median collapse
capacities at both Seattle and San Francisco are nearly identical (µ = 0.70 g in both
cases), however, since although San Francisco experiences ground motions of shorter
duration, its effect is counteracted by their lower SaRatio values. The collapse risk
metrics computed using each method of analysis, at all the three sites, is summarized
in Table 5.1.
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Table 5.1: Median collapse capacities, µ, and mean annual frequencies of collapse, λcollapse,
of the eight-story reinforced concrete moment frame estimated using different methods of

analysis, at the three considered sites.

Method of analysis

Seattle Eugene San Francisco

µ (g)
λcollapse
(×10−5) µ (g)

λcollapse
(×10−5) µ (g)

λcollapse
(×10−5)

IDA: Using Sa(T1), SaRatio,
and Ds

0.70 5.6 0.58 7.9 0.70 16

MSA: Using response
spectra and Ds 0.68 5.4 0.62 7.2 0.72 16

IDA: Using Sa(T1) only 0.56 10 0.56 9.1 0.56 31

IDA: Using Sa(T1) and
FEMA P695 spectral shape
adjustment

1.13 1.0 1.10 1.3 1.14 2.6
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Figure 5.7: Comparison of the collapse fragility curves of the eight-story reinforced con-
crete frame estimated using different methods of analysis, at the three considered sites.

5.5.4 Simplified estimation of median collapse capacity

In a number of situations, the objective of the analysis is to compute only the median
collapse capacity, and not the entire collapse fragility curve. For instance, the ana-
lyst may choose to construct a lognormal collapse fragility curve using the computed
median, but with a lognormal standard deviation that is inflated to account for the un-
certainty in structural model characteristics, in addition to the uncertainty in ground
motion characteristics, as per the recommendations of FEMA (2009b) (Chapter 7)
or FEMA (2012b) (Chapter 5). In this scenario, the use of the following simplified
method that does not require the explicit evaluation of the reliability integral, is
recommended.

The simplified method proposed here requires an initial estimate of the median
collapse capacity, µ0. For new structural designs, µ0 = 2.2 ×MCER is considered a
reasonable first guess, where MCER corresponds to the risk-targeted maximum con-
sidered earthquake ground motion intensity level (ASCE 2016, § 11.4.3). The factor
2.2 is obtained by assuming the structure has a lognormal collapse fragility curve
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with a 10% probability of collapse at the MCER intensity level, and a lognormal
standard deviation of 0.6 (ASCE 2016). Median target SaRatio and Ds values con-
ditional on the ground motion intensity level Sa(T1) = µ0, are then computed using
Equation (5.11a). Let these median target values be called SaRatio0 and Ds0 respec-
tively. These median targets are then substituted into Equation (5.14) to compute
the expected collapse intensity, µ1. Equation (5.16) indicates that if a ground motion
with SaRatio = SaRatio0 and Ds = Ds0, were to be scaled to have Sa(T1) = µ1, it
would have a 50% probability of causing structural collapse, implying that µ1 is a
good estimate of the hazard-consistent median collapse capacity of the structure.

There is, however, a small discrepancy in that the median targets, SaRatio0 and
Ds0, were computed conditional on the Sa(T1) = µ0 intensity level. This implies that
only ground motions with Sa(T1) = µ0 are expected to have SaRatio = SaRatio0 and
Ds = Ds0 on average, not ground motions with Sa(T1) = µ1. So if the computed
µ1 6= µ0, the estimate of the median collapse capacity can be improved by computing
median targets SaRatio1 and Ds1 conditional on the ground motion intensity level
Sa(T1) = µ1, and iteratively computing µ2, µ3, . . . , until the median collapse capac-
ity estimates over successive iterations are almost equal. This final value of µ that
the iterations converge to, represents the hazard-consistent median collapse capacity
of the structure, and it is the same value that would have been computed using the
detailed method outlined in § 5.5.2. This method is conceptually similar to the proce-
dure outlined in FEMA (2012b) (Appendix J), which requires iteratively conducting
a modified version of IDA using ground motions selected to match targets condi-
tional on different successive Sa(T1) levels. The proposed method, however requires
conducting IDA just once to fit the regression model described by Equation (5.12),
and the median collapse capacity is estimated at each subsequent iteration by just
evaluating Equation (5.14).

This proposed procedure was found to be robust with respect to the initial choice
of µ0, and to converge rapidly to the final solution. For the three considered sites,
using µ0 = 2.2 ×MCER, the median collapse capacity of the eight-story reinforced
concrete frame was estimated to an accuracy of 2% after just one iteration. Using a
poorer initial estimate of µ0 = MCER, the median collapse capacity was estimated
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to an accuracy of 2% after just two iterations. The proposed simplified procedure
to compute the hazard-consistent median collapse capacity of a structure using the
results of an IDA, as per the developed structural reliability framework, is summarized
in Procedure 5.2.

Procedure 5.2: Compute the hazard-consistent median collapse capacity of a
structure using the results of an IDA.

1 Develop a numerical model of the structure that incorporates the in-cycle and cyclic
deterioration of strength and stiffness of the structural components, and the
destabilizing P −∆ effect.

2 Either select a generic set of records as per the recommendations outlined in § 5.7, or
use the same set of 88 records used in this study.

3 Conduct IDA to compute the collapse intensity of each ground motion, i.e., the
lowest Sa(T1) value it needs to be scaled to, to cause structural collapse.

4 Fit the linear regression model in Equation (5.12) to the computed ground motion
collapse intensities.

5 Obtain an initial estimate of the median collapse capacity, µ0. For new structures,
µ0 = 2.2×MCER serves as a good initial estimate.

6 Set µ−1 ← 0

7 Set i← 0

8 while |µi−µi−1|
µi−1

> tolerance do

9 Compute the site-specific median target SaRatio and Ds values conditional on
µi, using Equation (5.11a). Let these median target values be called SaRatioi
and Dsi respectively.

10 Substitute SaRatioi and Dsi in Equation (5.14) to compute µi+1.

11 Set i← i+ 1

12 end

13 µi is the final estimate of the hazard-consistent median collapse capacity.
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5.6 Characteristics of intensity measures well suited

for use in the reliability framework

The calculations presented above use Sa(T1) as the primary amplitude-based IM, and
SaRatio and Ds as the secondary IMs that quantify the relative frequency content
and duration of a ground motion respectively. The proposed reliability framework,
however, is general in nature, and can be used in conjunction with any set of IMs
to compute a hazard-consistent collapse fragility curve from the results of an IDA,
subject to the guidelines described here. The primary IM should be

(i) amplitude-based, since it is used to represent the collapse intensity of a ground
motion used to conduct IDA, e.g., Sa(T ), peak ground acceleration (PGA), and
peak ground velocity (PGV);

(ii) efficient (Luco and Cornell 2007), i.e., the ground motion collapse intensities
represented by it, should have low variability; and

(iii) hazard-computable, i.e., quantified using PSHA and predictable to a reasonable
precision as a function of earthquake causal parameters like magnitude, M ,
source-to-site distance, R, and site Vs30.

Each secondary IM used in conjunction with the primary IM should be

(i) amplitude-invariant, as also recommended by Vamvatsikos and Cornell (2005),
because first, it needs to provide information not already quantified by the
primary amplitude-based IM, and second, if its value changes as a record is
scaled, its definition at the collapse intensity is ambiguous, as discussed in
Chapter 2/Chandramohan et al. (2016b);

(ii) efficient, i.e., it should be able to reduce the uncertainty in the collapse in-
tensities; or in other words, it should have a relatively high R2 value when
individually regressed against ground motion collapse intensity;

(iii) uncorrelated to the other secondary IMs used, i.e., it should provide non-
redundant information not already quantified by the other secondary IMs, that
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is helpful in predicting ground motion collapse intensity; or in other words, its
removal from the regression model should result in a significant reduction in the
model’s R2 value; and

(iv) hazard-computable, i.e., predictable to a reasonable precision as a function of
earthquake causal parameters, with defined correlations between the ε-values of
the secondary and primary IMs.

In addition, the entire vector IM consisting of the primary IM and all secondary
IMs should be sufficient (Rice 2006, p. 305; Luco and Cornell 2007), i.e., the ground
motion collapse intensities represented by the primary IM, conditioned on the set of
secondary IMs, should be independent of all other IMs not included in the vector.
This can be assessed by regressing the residuals from the regression model defined by
Equation (5.12) against other IMs that could potentially influence structural collapse
capacity, and evaluating the statistical significance and magnitude of any observed
trends. Using an insufficient vector IM could produce biased collapse risk estimates.
It is important to note that the record set used in the analysis can significantly
influence the inferred efficiency and sufficiency of a chosen vector IM. For example,
as noted previously in § 5.5.1, studies that used only short duration ground motions
found IMs based on response spectra alone to be both efficient and sufficient.

If the set of chosen IMs is inefficient, i.e., the regression model defined by Equa-
tion (5.12) has a small R2 value, it results in the spreading of the linear contours in
Figure 5.6, corresponding to the term P

[
collapse | lnSaRatio, lnDs, lnSa(T1)

]
. Sim-

ilarly, if any of the chosen IMs are only predictable with a large uncertainty, it results
in the spreading of the elliptical contours in Figure 5.6, corresponding to the term
f
[

lnSaRatio, lnDs | lnSa(T1)
]
. Both these consequences are undesirable since they

result in an increase in the dispersion of the computed collapse fragility curve.
Although the efficiency of a chosen set of IMs, as defined above, can be increased

by just including a large number of secondary IMs, this could lead to overfitting,
and a consequent loss in predictive power. In addition, it would lead to a decrease
in computational efficiency since Equation (5.17) involves integration over as many
dimensions as there are secondary IMs. This was the motivation behind using a scalar
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IM, SaRatio, instead of a vector of response spectral ordinates at periods above
and below T1, normalized by Sa(T1), to quantify response spectral shape. When
investigating the feasibility of using a vector of linearly spaced, normalized response
spectral ordinates in place of SaRatio, the predictive power of the regression model
was found to decrease if either too few or too many normalized response spectral
ordinates were used due to bias-variance trade-off (James et al. 2013, p. 33). The
ideal number of required normalized response spectral ordinates was found to depend
on the number of ground motions used in the analysis, and the predictive power when
using this ideal number of predictors was found to be only marginally better than
the model using SaRatio, hence not justifying the increased model complexity. This
option could, however, be considered if the analyst has reason to believe that the
degree of statistical sufficiency of SaRatio for the estimated structural collapse risk,
is significantly lower than the entire normalized response spectrum. A number of
other scalar and vector IMs based on the response spectrum have been proposed in
the literature (e.g., Cordova et al. 2000; Vamvatsikos and Cornell 2005; Tothong and
Luco 2007; Baker and Cornell 2008; Mehanny 2009; Bojórquez and Iervolino 2011),
but SaRatio was preferred over them due to its simplicity, efficiency, and hazard-
computability. Marafi et al. (2016) proposed a scalar IM that incorporates the effects
of ground motion intensity, response spectral shape, and duration. Similarly, Eads
et al. (2015) recommends using Sa,avg, which incorporates the effects of both ground
motion intensity and response spectral shape. The treatment of each ground motion
characteristic as an individual component of a vector IM was, however, considered
appropriate for the reliability formulation proposed in this paper. This approach also
allows the analyst to obtain a deeper understanding of the individual contributions
of each of these ground motion characteristics to the total potential of a ground
motion to cause structural collapse, as quantified by the coefficients css and cdur from
Equation (5.12).

The IMs used in this study: Sa(T1), SaRatio, and Ds, possess a number of the
desirable characteristics described above, some of which, like efficiency and low corre-
lation, have been demonstrated in the context of the analyzed eight-story reinforced
concrete moment frame building in § 5.5.1. To demonstrate these qualities of the
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chosen set of IMs on a broader range of structural models, the regression model in
Equation (5.12) was fit to 20 of the other ductile reinforced concrete moment frame
buildings designed by Raghunandan et al. (2015), and 30 ductile reinforced concrete
moment frames designed by Haselton and Deierlein (2008) (Chapter 6), ranging in
height from 1 to 20 stories. While the ground motion Ds5−75 values are not structure-
dependent, different ground motion Sa(T1) and SaRatio(T1, 0.2T1, 3.0T1) values were
used for each frame, depending on its fundamental elastic modal period, T1. The
range of R2 values obtained from these fits is plotted under the label “SaRatio and
Ds” in Figure 5.8, and the high median R2 of 0.83 reaffirms the efficiency of the chosen
set of IMs. The ranges of R2 values obtained by fitting linear models containing only
SaRatio and only Ds are also shown in Figure 5.8, and their medians are 0.53 and
0.37 respectively. As demonstrated earlier for the eight-story reinforced concrete mo-
ment frame in § 5.5.1, the fact that the sum of these median R2 values is nearly equal
to the median R2 value of the model containing them both, indicates that SaRatio
and Ds contribute mostly non-redundant information in predicting ground motion
collapse intensity. Although non-ductile structures were not explicitly examined as
part of this study, they are expected to experience relatively smaller effects of both
response spectral shape and duration compared to the ductile structures (Haselton
et al. 2011a; Liel et al. 2011; Raghunandan and Liel 2013; Chapter 2/Chandramohan
et al. 2016b).

Eads et al. (2015) has demonstrated the sufficiency of Sa,avg using short duration
ground motions, which corresponds directly to the sufficiency of SaRatio, when used
in conjunction with Sa(T1). The inclusion of Ds in the vector IM is only expected
to improve its sufficiency when considering both short and long duration ground
motions. The sufficiency of the chosen vector IM is the characteristic that ensures that
nearly the same coefficients of the regression model in Equation (5.12) are estimated,
irrespective of which set of records is used to estimate them, as long as the records are
selected following the guidelines outlined in § 5.7. It was verified that nearly similar
regression coefficients were estimated for the eight-story reinforced concrete moment
frame using a different set of 292 records (consisting of 146 long duration records and
146 spectrally equivalent short duration records) selected as part of a different study
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Figure 5.8: Distribution of R2 values obtained by fitting linear regression models to predict
ground motion collapse intensity using different sets of ground motion intensity measures,
for all 51 ductile reinforced concrete moment frames considered in this study. The whiskers

of each boxplot extend from the 5th to the 95th percentile R2 values.

by the authors (Chapter 2/Chandramohan et al. 2016b).

5.6.1 Efficiency of Ds and other duration metrics

Although 5–75% significant duration, Ds5−75, was used in all the calculations pre-
sented above, other percentage ranges are also commonly used to compute Ds, e.g.,
5–95%, 2.5–97.5%, and 20–80% (Boore and Thompson 2014; Afshari and Stewart
2016). The efficiency of a specific percentage range used to compute Ds is quantified
by the R2 value obtained by fitting the regression model in Equation (5.12) to the
ground motion collapse intensities computed for the eight-story reinforced concrete
moment frame, using that definition of Ds and SaRatio(1.76 s, 0.35 s, 5.00 s). The
retention of SaRatio in the regression model facilitates the comparison of the infor-
mation provided by different duration metrics to predict a ground motion’s collapse
intensity, in addition to the information already provided by response spectral shape.
This aids the selection of a duration metric to be included in a vector IM that already
contains Sa(T1) and SaRatio. Since the regression model containing only SaRatio

produces an R2 of 0.45, considering any definition of Ds, in addition to SaRatio, is
expected to produce an R2 larger than 0.45. R2 values computed for different com-
binations of start and end percentages used to define Ds are plotted in Figure 5.9.
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Figure 5.9: Comparison of the R2 values obtained by fitting the regression model in
Equation (5.12) to the ground motion collapse intensities computed for the eight-story
reinforced concrete moment frame, using significant duration, Ds, defined by different per-
centage ranges, and SaRatio(1.76 s, 0.35 s, 5.00 s). The percentage range that produces the

largest R2 value is plotted as a black circle.

It can be observed from the plot that the optimal percentage range for the analyzed
moment frame is 8–77%, which produces an R2 of 0.81. This is, however, almost
exactly equal to the R2 produced by both 5–75% and 5–95% significant duration as
well. The obtained R2 value is, in fact, not observed to be significantly affected by
the exact start and end percentages used to define Ds, as long as the chosen start
percentage is lesser than 20% and the chosen end percentage is greater than 60%.
Similar conclusions could also be drawn for the other 50 reinforced concrete moment
frames analyzed in this study, further corroborating this inference. Note that Sa(T1)
and SaRatio(T1, 0.2T1, 3.0T1) were used to fit the regression model for each frame,
using its corresponding T1.

The efficiencies of 5–75% and 5–95% significant duration, the two most commonly
used percentage ranges, are compared to a number of other amplitude-invariant du-
ration metrics proposed in the literature (Bommer and Martinez-Pereira 1999). The
distribution of R2 values obtained for all 51 reinforced concrete frames, using each
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of the considered duration metrics along with Sa(T1) and SaRatio(T1, 0.2T1, 3.0T1)

in Equation (5.12), is plotted in Figure 5.10. Dbx represents normalized bracketed
duration, which is defined as the time elapsed between the first and last excursions of
the accelerogram above a threshold equal to x% of the PGA (Kawashima and Aizawa
1989). Dux represents normalized uniform duration, which is defined as the sum of
all time intervals over which the accelerogram exceeds a threshold equal to x% of the
PGA (Bolt 1973). ID =

∫ tmax
0 a2(t)dt

PGA×PGV is a dimensionless duration metric proposed by

Cosenza and Manfredi (1997). Neq =
∑2n

i=1

(
ai

amax

)2
represents the equivalent number

of cycles of the accelerogram (Bommer et al. 2006), where n is the total number of
cycles calculated using the rainflow counting method (ASTM 2011), ai is the ampli-
tude of the ith half-cycle, and amax is the amplitude of the largest half-cycle. Velocity
Ds5−75 and Velocity Ds5−95 represent significant duration computed from the veloc-
ity time history instead of the acceleration time history. Spectral Ds5−95(T1, 5 %)

and Spectral Neq(T1, 5 %) represent significant duration and the number of equivalent
cycles computed from the relative displacement response history of an elastic sin-
gle degree of freedom oscillator of period T1 and damping equal to 5% of the critical
value. Finally, the boxplot labeled “No duration metric” represents the distribution of
R2 values obtained using only SaRatio in the regression model. The first observation
from Figure 5.10 is that the consideration of any of the duration metrics, in addition
to SaRatio, produces a significant improvement in the efficiency of the vector IM.
Among the significant durations, the efficiencies of Ds5−75 and Ds5−95 are found to
be almost identical. Db10 and Du10 are found to outperform their counterparts cor-
responding to thresholds of 20% and 30% of PGA. ID and Neq are found to perform
relatively poorly in comparison. The metrics computed from the velocity time history
and the relative displacement response history of a single degree of freedom oscillator
do not produce any significant improvements over common acceleration time history
based metrics, hence not justifying their use, given the additional complexity involved
in their calculation. Finally, the availability of a number of prediction equations for
Ds (e.g., Abrahamson and Silva 1996; Kempton and Stewart 2006; Bommer et al.
2009; Afshari and Stewart 2016) make it a more appealing option than Db and Du,
for use within the proposed reliability framework.
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Figure 5.10: Distribution of the R2 values obtained for all 51 reinforced concrete mo-
ment frames, by fitting the regression model in Equation (5.12) using a number of different
amplitude-invariant duration metrics in place of Ds, and SaRatio(T1, 0.2T1, 3.0T1). The
whiskers of each boxplot extend from the 5th to the 95th percentile R2 values for the corre-

sponding duration metric.
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5.6.2 Efficiency of SaRatio

The start and end periods used to compute SaRatio for optimal efficiency are func-
tions of structural characteristics, in much the same way the optimal period at which
to compute Sa is also a function of structural characteristics (Vamvatsikos and Cornell
2005). The variation of the optimal start and end periods with structural parameters
like number of stories, period, ductility, etc., has been previously examined by Bian-
chini (2008) and Eads (2013). Since these studies used only short duration ground
motions, the fact that they ignored the contribution of duration in their comparisons
probably did not significantly influence their results. In all the calculations presented
above, the period range 0.2T1 to 3.0T1 was used to compute SaRatio, as recom-
mended by Eads et al. (2015). Nevertheless, the efficiencies of other period ranges
were also examined by comparing the R2 values obtained by fitting the regression
model in Equation (5.12) to the ground motion collapse intensities computed for the
eight-story reinforced concrete moment frame, using SaRatio computed over different
period ranges, and Ds5−75. As discussed in § 5.6.1 above, the retention of Ds in the
regression model helps account for the contribution of duration in predicting ground
motion collapse intensity. Since the regression model containing only Ds5−75 has an
R2 of 0.40, the inclusion of SaRatio computed over any period range, in addition to
Ds5−75, is expected to produce an R2 of at least 0.40. The R2 values obtained by
computing SaRatio over different period ranges are plotted in Figure 5.11. It can be
observed from the plot that the optimal period range for the analyzed moment frame
is 0.1T1 to 2.6T1, which produces an R2 of 0.82. This is, however, only marginally
better than the R2 of 0.81 computed using the period range 0.2T1 to 3.0T1, thereby
justifying the general recommendation by Eads et al. (2015) to use the period range
0.2T1 to 3.0T1 to compute SaRatio. Comparing Figures 5.9 and 5.11, it can be ob-
served that the choice of the period range over which to compute SaRatio has a larger
impact on the results of the reliability framework than the choice of the percentage
range used to compute Ds. Similar inferences could be drawn by examining plots
corresponding to the other 50 reinforced concrete frames as well.
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Figure 5.11: Comparison of the R2 values obtained by fitting the regression model in
Equation (5.12) to the ground motion collapse intensities computed for the eight-story
reinforced concrete moment frame, using SaRatio defined by different period ranges, and
Ds5−75. The period range that produces the largest R2 value is plotted as a black circle.

5.7 Guidelines for ground motion selection

As highlighted previously, the ability to use a generic record set, that is not specific to
any structure or site, is considered to be the one of the most attractive features of IDA.
A drawback of using a generic record set is, however, the inability to produce hazard-
consistent collapse risk estimates by failing to capture (i) site-specific variations in the
characteristics of anticipated ground motions; and (ii) the variation in the expected
characteristics of ground motions of different intensities, by scaling the same set
of ground motions to different intensity levels. The reliability framework proposed
in this paper imparts IDA the ability to compute hazard-consistent collapse risk
estimates, although it does come at the expense of the requirement to adhere to a few
broad guidelines when selecting ground motions. It is worth noting though, that these
guidelines are by no means as stringent as the requirements to select hazard-consistent
ground motions to conduct MSA, and could be used to select a broad generic set
of ground motions which can be employed to analyze different types of structures
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at different types of sites, as per the analyst’s requirements. The set of 88 ground
motions used in this study was originally assembled as part of the procedure developed
in § 6.6 to incorporate the effect of duration in the FEMA P695 methodology, and not
to specifically adhere to the guidelines described in this section. Nevertheless, they
were found to satisfy a number of the selection criteria outlined below, and therefore,
either the entire set or a subset could be used to analyze a broad range of structures
at a number of different sites.

The objective of the ground motion selection strategy used in conjunction with
the reliability framework is to minimize the uncertainty in predicting ground motion
collapse intensity, within the range of SaRatio and Ds values of the ground motions
anticipated at the site. Thus, the selection of ground motions can be viewed as
an experimental design problem (Kutner et al. 2005, Chapter 15). The contours in
Figure 5.12 represent the standard error in predicting the mean of the logarithm of the
collapse intensity. Their elliptical shape is a consequence of using a linear regression
model to predict collapse intensity. The standard error is observed to be the least at
the sample geometric mean SaRatio and Ds of all the ground motions, which lies at
the geometric center of all the contours, and to increase radially outwards. Therefore,
the geometric mean SaRatio and Ds values of the selected ground motions should
ideally be close the corresponding median targets conditional on the Sa(T1) level that
contributes most to the collapse risk of the structure. This Sa(T1) level corresponds to
the peak of the collapse risk deaggregation curve, which is computed as the product
of the collapse fragility curve and the slope of the hazard curve (Eads et al. 2013).
Unfortunately, this value is not known before actually conducting the analysis, but
2.0×MCER serves as an approximate initial estimate for new structures. Nevertheless,
this condition needs to be evaluated after conducting the analysis. The median targets
at the three considered sites, conditional on this Sa(T1) level, are plotted using hollow
colored circles. The median targets at all three sites can be seen to lie reasonably
close to the geometric mean SaRatio and Ds values of the ground motions.

In addition, it is important to ensure that the marginal variances of the SaRatio
and Ds values of the selected ground motions are large relative to the marginal
variances of the corresponding targets. The observation that the SaRatio and Ds
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values of the selected ground motions are well spread out over the area defined by
the 5th to 95th percentile marginal error bars of the targets at the three sites, plotted
in Figure 5.12, confirms the satisfaction of this requirement. Orthogonality can be
introduced into the ground motion selection procedure by selecting pairs of records
with similar SaRatio values but differentDs values or vice versa, thus further lowering
prediction standard errors. The selection of long duration records that are spectrally
equivalent to the short duration records approximately satisfies this requirement.
Finally, using more ground motions will produce more precise predictions.

A closer examination of the target distributions of SaRatio and Ds plotted in
Figure 5.12 reveals that although the marginal variance of the SaRatio targets at all
three sites are almost equal, the marginal variance of the Ds targets are not. The
large variance of the Ds target at Seattle is a consequence of both short duration
ground motions from crustal earthquakes and long duration ground motions from
interface earthquakes contributing to its seismic hazard. Hence, the use of all 88 short
and long duration ground motions is considered necessary for Seattle. On the other
hand, reasonable collapse risk estimates could possibly have been obtained for Eugene
using just the 44 long duration records, if supplemented with a few more records with
10 s < Ds5−75 < 20 s. Interestingly, the medianDs target at San Francisco is observed
to be longer than the Ds values of most of the 44 short duration ground motions from
the FEMA P695 far-field set, although the set consists of ground motions recorded
from shallow crustal earthquakes of magnitude as large as 7.6. This is a consequence
of earthquakes of magnitude 8.0 and above on the San Andreas fault contributing
to its seismic hazard, thereby requiring the use of relatively long duration ground
motions, with Ds5−75 as long as 30 s, to obtain accurate collapse risk estimates. The
FEMA P695 far-field set is, however, expected to be adequate for other sites in coastal
California, like Los Angeles and Berkeley, whose median Ds targets are expected to
be much shorter.

For sites like Eugene and San Francisco, whose Ds targets have low marginal
variances, reasonably accurate collapse risk estimates could presumably be obtained
by ignoring Ds from the reliability integral in Equation (5.17), if (i) the variation in
the Ds targets conditional on different Sa(T1) levels that contribute significantly to
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the collapse risk, is small; (ii) the Ds values of the selected ground motions match
the target Ds distribution conditional on the Sa(T1) level that contributes most to
the collapse risk; and (iii) the anticipated variation in structural collapse capacity,
as quantified by the regression model described by Equation (5.12), over the range
of Ds values anticipated at the site, is small. Although the second requirement is
equivalent to selecting site-specific ground motions, the selected records could be used
in a wide range of sites located in similar tectonic settings. It is also worth noting
here, that the target SaRatio and Ds values at the three sites are expected to vary
significantly with the chosen conditioning period and site Vs30. This variation needs
to be considered to ensure the applicability of a generic set of ground motions selected
based on these guidelines, to a wide range of sites and structures.

5.8 Conclusion

A structural reliability framework was developed to post-process the results of an
incremental dynamic analysis (IDA) conducted using a generic ground motion set
and compute a hazard-consistent collapse fragility curve. This resolves the largest
drawback of the traditional IDA procedure: its inability to produce hazard-consistent
collapse risk estimates, thus making it a competitive alternative to multiple stripe
analysis (MSA). The proposed procedure employs a scalar parameter, SaRatio, that
quantify response spectral shape, and significant duration, Ds, as secondary intensity
measures. These two parameters are shown to be good predictors of the potential
of a ground motion to cause damage, quantified here as its collapse intensity, or
the lowest Sa(T1) value it needs to be scaled to, to cause structural collapse. They
are demonstrated to be capable of explaining 81% of the variance in the collapse
intensities of a set of short and long duration ground motions used to analyze a
ductile eight-story reinforced concrete moment frame building, designed for a site in
Seattle. Using SaRatio alone explains only 45% of the variance, and using Ds alone
explains only 40% of the variance of the collapse intensities, thus highlighting the
importance of considering both ground motion response spectral shape and duration
in structural collapse risk assessment.
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SaRatio and Ds are used in conjunction with Sa(T1) to define a linear failure
surface using the results of an IDA. Hazard-consistent target distributions of SaRatio
and Ds, conditional on the exceedance of a specific Sa(T1) level, are integrated over
the failure domain to estimate the probability of observing structural collapse at that
Sa(T1) level. Evaluating this reliability integral at many different Sa(T1) levels al-
lows computing a non-parametric, hazard-consistent collapse fragility curve, which,
for the case of the reinforced concrete moment frame analyzed in this study, was
found to agree well with the fragility curve computed by conducting MSA using
hazard-consistent ground motions. In addition, the computed regression coefficients
corresponding to SaRatio and Ds provide deeper insight into the influence of re-
sponse spectral shape and duration on the collapse response of the structure. The
conventional practice of computing a fragility curve using only Sa(T1), a scalar IM,
and ignoring both SaRatio and Ds, was found to significantly over-estimate the col-
lapse risk. The inaccuracy of this method stems from ignoring all site-specific seismic
hazard information when computing a collapse fragility curve. Adjusting the median
collapse capacity using an approximate, empirically calibrated spectral shape fac-
tor, as recommended by FEMA P695, was, on the other hand, found to significantly
under-estimate the collapse risk. The accuracy of this method could potentially be
improved by further adjusting the median collapse capacity by an analogous duration
factor. These trends were found to hold even when the same structure was analyzed
at Eugene and San Francisco: sites with different SaRatio and Ds targets compared
to Seattle. A simplified method that does not require the evaluation of the reliability
integral, was also proposed to estimate just the hazard-consistent median collapse
capacity instead of the entire collapse fragility curve.

Finally, the proposed structural reliability framework and hazard-consistent MSA
were shown to represent two different approaches to solving the same structural reli-
ability problem. The proposed structural reliability framework represents an analyt-
ical approach, while hazard-consistent MSA represents a simulation-based approach.
Since both methods have been demonstrated to produce similar results, the choice
between the two now hinges on the relative ease of the ground motion selection re-
quirements of each method and their computational efficiencies, which remains to be
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assessed.



Chapter 6

Strategies to consider ground

motion duration in addition to

response spectra in standards for

structural performance assessment

and design

6.1 Abstract

Strategies are proposed to explicitly account for the effect of duration on structural
response, in addition to the effect of response spectra, in the analysis procedures con-
tained in the following standards for structural performance assessment and design:
(i) the FEMA P-58 seismic performance assessment methodology; (ii) the FEMA
P695 methodology to quantify seismic performance factors; and (iii) the ASCE 7-16
seismic design provisions. The effect of duration is considered in multiple stripe
analysis by selecting records to match site-specific target distributions of duration,
computed using the generalized conditional intensity measure (GCIM) framework,
in addition to target conditional spectra. It is considered in incremental dynamic
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analysis by fitting a multiple linear regression model to the computed ground motion
collapse intensities using a scalar, dimensionless measure of response spectral shape
called SaRatio and significant duration, Ds, as predictors. The hazard-consistent
median collapse capacity is then computed by iteratively evaluating the regression
surface using site-specific median SaRatio and Ds targets computed conditional on
different intensity levels. The effects of response spectral shape and duration are in-
corporated in ASCE 7-16’s equivalent lateral force procedure by developing site and
structural system-specific adjustment factors for the design base shear based on the
conditional median SaRatio and Ds targets at the site. Sample calculations indicate,
for example, that a 1 s reinforced concrete moment frame building at San Francisco
would need to be designed to a base shear that is 43% higher than the value used in
current practice; a similar structure in Eugene would need to be designed to a base
shear that is 67% higher. The acceptance criteria used in conjunction with ASCE
7-16’s nonlinear response history analysis procedure are unlikely to reliably capture
the effect of duration; hence, it is recommended that the selected records be scaled
to an MCER level modified by a duration adjustment factor, analogous to the one
developed for the equivalent lateral load procedure. The consequence of ignoring the
effect of duration in each case is demonstrated by analyzing an eight-story reinforced
concrete moment frame building.

6.2 Introduction

Current standards for structural performance assessment and design quantify seismic
hazard primarily in terms of the response spectra of the ground motions anticipated
at a site, while relegating other ground motion characteristics to qualitative con-
sideration (NIST 2011, Chapter 3). The response spectrum of a ground motion,
which quantifies its amplitude and frequency content, has been shown by a number
of previous studies to be well correlated to important structural demands like peak
deformations and collapse capacity (Shome et al. 1998; Baker and Cornell 2006b),
thereby justifying its prominent use in structural performance assessment. Recent
studies by the authors and others (e.g., Chapter 5; Raghunandan and Liel 2013;
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Chapter 4/Chandramohan et al. 2016a) have demonstrated the additional influence
of ground motion duration on structural collapse risk. In these studies, long duration
ground motions produced by large magnitude earthquakes were shown to be more
likely to cause structural collapse when compared to short duration ground motions
with similar response spectra. This finding warrants the explicit consideration of
ground motion duration in structural performance assessment and design, in con-
junction with response spectra, to ensure that structures possess equivalent margins
of safety against collapse irrespective of the response spectral shapes and durations
of the ground motions they are likely to experience. This study proposes strategies
to incorporate the effect of duration into the FEMA P-58 seismic performance assess-
ment methodology (FEMA 2012b), the FEMA P695 methodology to quantify seismic
performance factors (FEMA 2009b), and the ASCE 7-16 seismic design provisions
(ASCE 2016). Although these standards do already contain provisions to account
for the effect of response spectral shape, recommendations are made to improve the
manner in which response spectral shape is handled in some of these provisions using
a scalar, dimensionless metric called SaRatio, proposed by Eads et al. (2016).

Although the structural engineering community largely acknowledges that ground
motion duration is likely to influence structural response, there is still considerable
debate regarding the nature and magnitude of its influence, and the manner in which
it is to be addressed in design and assessment. As a consequence, ground motion
duration is presently not explicitly considered in structural design and assessment
practice. The lack of consensus regarding the consideration of duration stems from
(i) the broad conclusion of previous research on the topic, that ground motion dura-
tion mainly influences cumulative damage metrics, and has little measurable effect on
peak structural deformations (e.g., Cornell 1997; Bommer et al. 2004; Hancock and
Bommer 2006; Iervolino et al. 2006; Hancock and Bommer 2007; Oyarzo-Vera and
Chouw 2008; Barbosa et al. 2014; Hou and Qu 2015); and (ii) the prevalent use of
peak structural deformations in acceptance criteria for structural design (PEER TBI
2010; LATBSDC 2014; ASCE 2016) and performance assessment (FEMA 2012b).
The inability of previous studies to capture the effect of duration on peak struc-
tural deformations can be attributed to one or more of the following factors: (i) the
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prevalent use of non-deteriorating structural models; (ii) the scarcity of long dura-
tion ground motion records before the 2010 Maule (Chile) and 2011 Tohoku (Japan)
earthquakes; (iii) the lack of consensus on an effective metric to quantify ground mo-
tion duration (Chapter 2/Chandramohan et al. 2016b); and (iv) the lack of adequate
controls for the effect of response spectral shape. Only recently, have studies employ-
ing realistic structural models that simulate the in-cycle and cyclic deterioration of
structural strength and stiffness, and the destabilizing P −∆ effect of gravity loads,
been able to capture and quantify the effect of duration on peak structural deforma-
tions and collapse capacity (Raghunandan and Liel 2013; Chapter 2/Chandramohan
et al. 2016b; Marafi et al. 2016). Since structural collapse capacity is an important
metric used in the calibration of seismic design codes, and an integral component of
seismic loss assessment studies, these findings motivate the need to explicitly consider
ground motion duration in structural design and assessment practice. Ground motion
response spectral shape and duration were demonstrated to together be capable of
explaining around 80% to 85% of the variance in the collapse intensities of ground
motions used to analyze 51 reinforced concrete moment frame buildings in Chap-
ter 5. This suggests that response spectra and duration are sufficient considerations
in the design and assessment of structures, and the consideration of additional ground
motion characteristics is expected to produce diminishing returns.

Different methods are proposed to incorporate the effect of duration—and re-
sponse spectral shape where necessary—in each of the considered standards, tailored
to their own individual objectives. While most of the recommendations just require
a few additional considerations in the existing procedures, some involve deeper revi-
sions of the current procedures. Where possible, options have been provided between
accurate but computationally intensive options and approximate but computationally
efficient procedures. Significant duration (Trifunac and Brady 1975), Ds, is used to
quantify ground motion duration in all the proposed strategies. Recommended modi-
fications to the FEMA P-58 methodology involve the selection of records for response
history analysis to match target distributions of both duration and response spectra.
The shortcomings of the existing method to account for the effect of response spectral
shape in the FEMA P695 methodology, using a spectral shape factor developed based
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on ε (Baker and Cornell 2005), are highlighted. The consideration of site-specific seis-
mic hazard information in terms of conditional median SaRatio and Ds targets, is
proposed as a more accurate alternative. Methods are then proposed to adjust the
median collapse capacities of the structural archetypes, computed by conducting non-
linear dynamic analysis using a generic record set, to reflect these site-specific SaRatio
and Ds targets. The influence of response spectral shape and duration is incorpo-
rated in ASCE 7-16’s equivalent lateral force (ELF) procedure by developing site and
structural system-specific factors to adjust the design base shear. Finally, the ability
of acceptance criteria employed by ASCE 7-16’s nonlinear response history analysis
(NLRHA) procedure to capture the effect of duration is evaluated, and strategies are
proposed to address the shortcomings. The benefits of the improvements proposed
to each procedure are demonstrated by analyzing an eight-story reinforced concrete
moment frame building.

6.3 Computation of SaRatio and Ds of a ground

motion

The parameter SaRatio is a scalar, dimensionless measure of a ground motion’s re-
sponse spectral shape, proposed by Eads et al. (2016). It is computed according
to Equation (6.1a), as the ratio of the pseudo spectral acceleration at a specific pe-
riod, Sa(T ), and the geometric mean of the portion of the response spectrum that
lies between the periods Tstart (usually < T ) and Tend (usually > T ), denoted by
Sa,avg(Tstart, Tend). Sa,avg(Tstart, Tend) is computed according to Equation (6.1b), as
the sample geometric mean of response spectral ordinates, discretely sampled at n
linearly spaced periods from Tstart to Tend: τ1, τ2, . . . , τn, such that τ1 = Tstart and
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τn = Tend (Baker and Cornell 2006a; Eads et al. 2015):

SaRatio(T, Tstart, Tend) =
Sa(T )

Sa,avg(Tstart, Tend)
(6.1a)

Sa,avg(Tstart, Tend) =

(
n∏

j=1

Sa(τj)

)1/n

(6.1b)

A more general method to compute Sa,avg, as the geometric mean of the function
Sa(T ), is described in Appendix B. This alternative method offers the advantage of
not requiring the re-sampling of the response spectrum at a set of specific linearly
spaced periods, and thus avoids any loss in accuracy in the computation of Sa,avg due
to widely spaced periods.

The response spectra of two ground motions with low and high SaRatio(1.0 s, 0.2 s, 3.0 s)

values, normalized to have Sa(1.0 s) = 1 g, are plotted in Figure 6.1. Since SaRatio
is a dimensionless metric, its value remains unchanged as the ground motions are
linearly scaled. The ground motion with a low SaRatio value has relatively high re-
sponse spectral ordinates at periods between 0.2 s and 3.0 s compared to the response
spectral ordinate at 1.0 s. The opposite is true for the ground motion with a high
SaRatio value. Since the two ground motions are scaled to the same Sa(1.0 s) value,
the ground motion with a low SaRatio value is generally expected to be more damag-
ing, because it possesses more energy at periods above and below 1.0 s compared to
the ground motion with a high SaRatio value. Eads et al. (2015) recommended using
the period range 0.2T to 3.0T to compute SaRatio at the period T , since it was found
to be most efficient in predicting the collapse intensity of a ground motion used to
analyze a structure with fundamental elastic modal period T . This recommendation
was based on observations from collapse analyses on a number of reinforced concrete
moment frame and shear wall buildings conducted by Eads et al. (2015), and is sup-
ported by results from the analysis of 51 reinforced concrete moment frame buildings
in Chapter 5. Hence, this period range is adopted to compute SaRatio throughout
this paper, unless explicitly noted otherwise. A number of other metrics of response
spectral shape have been proposed in the literature (e.g., Cordova et al. 2000; Vam-
vatsikos and Cornell 2005; Tothong and Luco 2007; Baker and Cornell 2008; Mehanny
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Figure 6.1: Response spectra of two ground motions with low and high
SaRatio(1.0 s, 0.2 s, 3.0 s) values, normalized to have Sa(1.0 s) = 1 g. The vertical line at
1.0 s corresponds to the period at which Sa in the numerator of Equation (6.1a) is com-
puted, and the unshaded period range from 0.2 s to 3.0 s corresponds to the domain over
which Sa,avg in the denominator of Equation (6.1a) is computed. The ground motion with a
low SaRatio(1.0 s, 0.2 s, 3.0 s) value of 0.88 was recorded from the 1979 Imperial Valley earth-
quake, at the El Centro Array #11 station; and the one with a high SaRatio(1.0 s, 0.2 s, 3.0 s)
value of 2.95 was recorded from the 1999 Duzce, Turkey earthquake, at the Bolu station.

Both ground motions are taken from the FEMA P695 far-field set.

2009; Bojórquez and Iervolino 2011), but SaRatio was preferred over them due to its
simplicity, efficiency, and hazard-computability.

Significant duration, Ds, is used to quantify ground motion duration since previ-
ous studies by the authors (e.g., Chapter 5; Chapter 2/Chandramohan et al. 2016b)
have shown it to possess a number of desirable characteristics, including strong cor-
relation to structural collapse capacity. A comparative assessment also demonstrated
it to be better suited than other duration metrics to guide the selection of ground
motions for structural performance assessment. The significant duration of a ground
motion is defined as the time interval over which a specific percentage range of the
integral

∫ tmax

0
a2(t)dt is accumulated, where a(t) represents the ground acceleration

at time t, and tmax represents the length of the accelerogram. Common ranges used
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Figure 6.2: (Top) East-West component of the accelerogram recorded from the 2010
Maule (Chile) earthquake at the Talca station; and (Bottom) the normalized, cumulative
integral of a2(t)—known as a Husid plot (Husid 1969)—illustrating the computation of

5–75% significant duration of the accelerogram.

to compute Ds include 5–75%, 5–95%, 2.5–97.5%, and 20–80% (Boore and Thomp-
son 2014; Afshari and Stewart 2016). Although 5–75% significant duration is used
throughout this paper, previous studies by the authors have shown that 5–95% signif-
icant duration also produces good results (Chapter 5; Chapter 2/Chandramohan et al.
2016b). The computation of 5–75% significant duration, Ds5−75, of an accelerogram
is illustrated in Figure 6.2.

6.4 Reinforced concrete moment frame model

A ductile eight-story reinforced concrete moment frame building, designed for a site
in Seattle (Washington), is used to demonstrate the benefits of the improvements
proposed to each procedure. This frame was designed and modeled by Raghunandan
et al. (2015) as part of a larger study on the collapse safety of reinforced concrete
frames in the US Pacific Northwest, and it was previously analyzed in related studies
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by the authors (e.g., Chapter 5; Chapter 4/Chandramohan et al. 2016a). The two-
dimensional, centerline model of the structure, which was created and analyzed in
OpenSees rev. 5184 (McKenna et al. 2006), is illustrated in Figure 6.3. The first story
of the frame is 4.57m tall and each remaining story is 3.96m tall; each bay is 6.10m
wide. The beams and columns of the frame were modeled using linear elastic elements,
with zero-length plastic hinges located at either end. The hysteretic behavior of the
plastic hinges was modeled using the peak-oriented Ibarra-Medina-Krawinkler model
(Ibarra et al. 2005), modified as per the recommendations of Lignos and Krawinkler
(2012) (p. 26). This model includes a post-peak negative stiffness branch of the
backbone curve to capture in-cycle deterioration, as well as cyclically deteriorating
strength and stiffness based on the cumulative hysteretic energy dissipated. Finite
beam-column joints were modeled with elastic shear deformations. The destabilizing
P−∆ effect of the gravity loads tributary to other parts of the structure was captured
using a pin-connected leaning column. The fundamental elastic modal period of the
structure 1.76 s. All response history analyses of the structure were carried out using
the explicit central difference time integration scheme, since it was found to be more
robust and efficient than implicit time integration schemes, which sometimes failed
to converge (Chapter 7).

6.5 The FEMA P-58 methodology

The FEMA P-58 seismic performance assessment methodology (FEMA 2012b) is used
to assess the performance of individual buildings under earthquakes loads, in terms
of the anticipated human losses (injuries and fatalities), direct economic losses (re-
pair and replacement costs), and indirect losses (downtime and unsafe placarding).
Two essential components of the methodology that involve structural analysis include
(i) estimating the collapse capacity; and (ii) estimating structural demands given
collapse has not occurred. The collapse capacity is estimated either by (i) conduct-
ing multiple stripe analysis (MSA) (Jalayer 2003, Chapter 4) using ground motions
selected to match a target response spectrum; or by (ii) iteratively conducting a mod-
ified version of incremental dynamic analysis (IDA) (Vamvatsikos and Cornell 2002)
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Figure 6.3: Schematic of the eight-story reinforced concrete moment frame model.

using ground motions selected to match target response spectra computed at different
intensity levels. Procedures are outlined to conduct three types of assessments, viz.,
scenario-based, intensity-based, and time-based assessments, to estimate structural
demands given collapse has not occurred. Guidelines to conduct all three types of
assessments, similar to those proposed to compute the collapse capacity, recommend
the selection of ground motions to explicitly match only a target response spectrum.
Provided options for target response spectra include (i) the uniform hazard spectrum
(UHS) (McGuire 2004); (ii) the conditional mean spectrum (CMS) (Baker 2011);
and (iii) the conditional spectrum (CS) (Abrahamson and Al Atik 2010; Jayaram
et al. 2011b). The features of these target response spectra, including reasons why
the CS is considered to be a more accurate representation of the site hazard than
the other target spectra, are summarized in NIST (2011) (Chapter 5). Other ground
motion characteristics, like duration and the presence of velocity pulses, are implicitly
accounted for by the selection of records whose causal parameters, like magnitude,
source-to-site distance, and site Vs30 (the time-averaged shear wave velocity of the top
30m of the soil profile), match corresponding target values that control the seismic
hazard at the site. These target causal parameter values can be obtained using seismic
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hazard deaggregation computations (McGuire 1995). Recent studies (e.g., Chapter 4/
Chandramohan et al. 2016a; Tarbali and Bradley 2016) have, however, highlighted
the drawbacks and limitations of relying on causal parameters to capture the effects
of these other ground motion characteristics. Strategies are proposed to explicitly
account for the effect of duration when estimating structural collapse capacity us-
ing both MSA and IDA, as well as when conducting scenario-based, intensity-based,
and time-based assessments to estimate structural demands given collapse has not
occurred.

6.5.1 Estimating structural collapse capacity

Structural collapse capacity is a measure of the ability of a structure to resist collapse
under earthquake ground motion. It is defined by a collapse fragility curve, which
is a monotonically increasing function that relates the intensity of ground motion to
the probability of observing structural collapse. Intensity is, however, not the only
characteristic of a ground motion that determines its influence on structural response;
other characteristics like response spectral shape and duration also play a role. Hence,
the collapse capacity of a structure also depends on the response spectral shapes and
durations of the ground motions anticipated at the site where it is located. A collapse
fragility curve estimated by taking these other characteristics into account, is termed
hazard-consistent.

The structural modeling guidelines provided in FEMA (2012b) (§ 5.2.1) recom-
mend incorporating the anticipated in-cycle and cyclic deterioration of the strength
and stiffness of the structural components, and the destabilizing P −∆ effect of grav-
ity loads in the numerical model of the structure. Both these measures are necessary
to adequately capture the effect of duration on structural collapse capacity. Failure
to incorporate these key elements in the structural model is likely to produce un-
conservative collapse capacity estimates at sites susceptible to long duration ground
motions, for reasons outlined in Chapter 3/Chandramohan et al. (2017).
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Multiple stripe analysis (MSA)

Multiple stripe analysis (MSA) is a method of analysis, wherein the structure is
analyzed using multiple sets of ground motions, each scaled to different ground motion
intensity levels. As defined in FEMA (2012b) (p. 4-7), ground motion intensity is
quantified using the 5% damped pseudo spectral acceleration at a period T̄ , Sa(T̄ );
where T̄ is usually taken to be equal to the fundamental elastic modal period of
the structure. As per the procedure outlined in FEMA (2012b) (§ 4.4) to conduct
MSA, each set of ground motions scaled to a particular intensity level is selected
to match a target response spectrum computed at that intensity level. Among the
provided target response spectrum options, use of the CS is recommended, since it
provides the most realistic representation of the range of response spectral shapes of
the ground motions anticipated at the site. The CS at an intensity level is computed
as the probability distribution of a vector of Sa values at periods above and below
T̄ , conditional on the exceedance of the Sa(T̄ ) value corresponding to that intensity
level. An extension of the CS, known as the generalized conditional intensity measure
(GCIM) (Bradley 2010), can be used to compute the probability distribution of Ds,
conditional on the exceedance of the same Sa(T̄ ) value, using the following inputs:

(i) seismic hazard deaggregation information (McGuire 1995), which is also re-
quired to compute a CS;

(ii) an equation to predict Ds as a function of causal parameters like magnitude
and source-to-site distance (e.g., Abrahamson and Silva 1996; Kempton and
Stewart 2006; Bommer et al. 2009; Afshari and Stewart 2016); and

(iii) a model for the correlation coefficient between the total prediction residuals, or
ε-values, of Ds and Sa(T̄ ) (e.g., Bradley 2011).

A detailed description of the procedure to compute conditional distributions of Ds
using the GCIM framework, along with sample calculations, is provided in Chap-
ter 4/Chandramohan et al. (2016a) and Chapter 5. As an additional refinement,
for sites like Seattle that receive seismic hazard contributions from different types
of seismic sources (e.g., interface, in-slab, and crustal earthquakes), a procedure is
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outlined to compute source-specific conditional spectra and conditional distributions
of Ds, corresponding to each type of contributing seismic source. This helps distin-
guish the unique characteristics of the ground motions produced by different types
of seismic sources, e.g., large magnitude interface earthquakes are known to produce
ground motions of much longer duration than shallow crustal earthquakes. Finally,
the selection of a set of ground motions to match the target source-specific CS and
conditional distribution of Ds at each ground motion intensity level, in appropriate
proportions as defined by the relative contribution of each source to the total seismic
hazard at the site, is described.

The selection of ground motions to match target distributions of Ds, in addition
to a target CS, is the only modification proposed to the procedure outlined in FEMA
(2012b) (§ 6.2.4). Once the hazard-consistent sets of ground motions are selected,
they are used to analyze the structural model, and the probability of collapse at
each ground motion intensity level is computed as the fraction of the ground motions
at that intensity level that cause structural collapse. A lognormal collapse fragility
curve is then fit through these data points, and the hazard-consistent median collapse
capacity is estimated as the ground motion intensity level corresponding to a collapse
probability of 0.5. The associated lognormal standard deviation, β, of the estimated
fragility curve accounts only for the record-to-record uncertainty. The effect of model
uncertainty can be incorporated either by increasing this value of β by an amount
corresponding to model uncertainty taken from FEMA (2012b) (§ 5.2.5), using the
square root of sum of squares method; or by simply assuming a total β of 0.6, as
recommended by FEMA (2012b) (§ J.5).

Selecting ground motions to explicitly match only target conditional spectra as per
the original FEMA P-58 methodology, without consideration of duration, was shown
by Chapter 4/Chandramohan et al. (2016a) to often result in biased collapse risk
estimates. The magnitude of the bias was shown to depend both on the seismic hazard
at the site, and the characteristic durations of the ground motions in the database
used for record selection. For example, when the reinforced concrete moment frame
described in § 6.4 was analyzed using records selected from the PEER NGA-West2
database (Ancheta et al. 2014), to match only target conditional spectra, a median



CHAPTER 6. DURATION IN ASSESSMENT AND DESIGN 175

collapse capacity of 0.78 g was computed. When records were selected from a larger
database consisting of records from large magnitude interface earthquakes as well, but
under constraints imposed on their causal parameters, a value of 0.63 g was obtained.
Both these estimates are removed from 0.68 g, the hazard-consistent value obtained
using records selected to match both target conditional spectra and distributions of
Ds. If the structure is assumed to be located in Eugene (Oregon) instead of Seattle,
and a similar set of analyses are conducted as before, median collapse capacities of
0.92 g and 0.55 g are computed for the first two cases, which are more further removed
from the hazard-consistent value of 0.62 g. The larger bias in this case is because the
seismic hazard at Eugene is dominated by long duration ground motions produced
by MW ∼ 9.0 interface earthquakes, whereas Seattle additionally receives hazard
contributions from lower magnitude crustal earthquakes as well. These results are
described in further detail in Chapter 4/Chandramohan et al. (2016a).

Incremental dynamic analysis (IDA)

The objective of the iterative modified IDA procedure described in FEMA (2012b)
(Appendix J), is to obtain a hazard-consistent estimate of the collapse capacity. The
full IDA procedure proposed by Vamvatsikos and Cornell (2002) involves incremen-
tally scaling each ground motion from a set to higher intensity levels until it causes
structural collapse at an intensity level known as its collapse intensity. The collapse
fragility curve of the structure is then computed by fitting a lognormal cumulative
distribution function to the collapse intensities estimated using all the ground mo-
tions in the set. There are two reasons for modifying this full IDA procedure for use
with the FEMA P-58 methodology:

(i) Only the median collapse capacity, i.e., the ground motion intensity correspond-
ing to a collapse probability of 0.5, needs to be computed; not the entire collapse
fragility curve. Hence, a modified version of IDA is adopted, which allows com-
puting just the median by expending fewer computational resources.

(ii) The response spectral shapes and durations of ground motions of different in-
tensities anticipated at a site, are expected to be different. Hence, the collapse
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capacity computed by scaling the same set of ground motions to different in-
tensity levels is not likely to be hazard-consistent (Bradley 2013; Kwong et al.
2015). This was the motivation behind adopting an iterative version of the IDA.

The iterative modified IDA procedure outlined in FEMA (2012b) (Appendix J)
requires an initial estimate of the median collapse capacity, µ0. For newly designed
structures, µ0 = 2.2 ×MCER serves as a good initial estimate, where MCER corre-
sponds to the risk-targeted maximum considered earthquake ground motion intensity
level (ASCE 2016, § 11.4.3). The factor 2.2 is obtained by assuming the structure
has a lognormal collapse fragility curve with a 10% probability of collapse at the
MCER intensity level, and a lognormal standard deviation of 0.6 (ASCE 2016). A set
of ground motions is then selected to match either a UHS or CMS computed at the
intensity level µ0, of which, the CMS is recommended as the more realistic option.
This set of ground motions is used to conduct modified IDA, wherein the records
are all scaled to the same intensity level, and the fraction of them that cause struc-
tural collapse is computed. Depending on the computed fraction, they are together
scaled to either higher or lower intensities until at one point, exactly half of them
cause structural collapse. The intensity level at which this occurs is an improved
estimate of the median collapse capacity, µ1. The CS is not one of the provided tar-
get response spectrum options since the computation of the median collapse capacity
requires knowledge of only the median target response spectral shape, i.e., the CMS;
hence, the variability in the target need not be considered.

There is, however, a potential inconsistency in the adopted approach that the
records selected to match a target response spectrum computed at the intensity level
µ0 were used to estimate the median collapse capacity µ1. Therefore, if µ1 is signif-
icantly different from µ0, the modified IDA procedure should be re-conducted using
records selected to match a target response spectrum computed at µ1, to compute
a further improved estimate, µ2, and so on, until the difference in the estimates ob-
tained over successive iterations is small. The final value that the iterations converge
to, is the hazard-consistent estimate of the median collapse capacity. The hazard-
consistent collapse capacity curve is then constructed using the estimated median and
a lognormal standard deviation that accounts for both record-to-record and model
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uncertainties, as per the recommendations of FEMA (2012b) (§ J.5).
One straightforward method to incorporate the effect of duration in this iterative

modified IDA procedure is to select ground motions to match not just a target CMS at
each iteration, but also a conditional median Ds target, the computation of which is
described in Chapter 4/Chandramohan et al. (2016a). A different procedure, which
was previously described in § 5.5.4 and summarized in Procedure 5.2, is however
proposed as a simpler and more efficient alternative to the iterative IDA procedure
originally recommended by the FEMA P-58 methodology. This procedure requires
just a generic set of records, that need not be chosen to match any target response
spectrum or distribution of durations, as long as they adhere to a set of broad guide-
lines outlined in § 5.7. This represents a significant computational savings over the
original FEMA P-58 procedure, which requires the selection of a hazard-consistent set
of ground motions at each new iteration. These ground motions are used to conduct
full IDA, wherein each ground motion is incrementally scaled to higher intensity lev-
els until it causes structural collapse. Although there is a larger computational effort
involved in conducting a full IDA when compared to the modified version proposed by
FEMA P-58, this analysis needs to be conducted only once. The original FEMA P-58
procedure, on the other hand, requires a modified IDA to be conducted at each itera-
tion. The computed collapse intensities of the generic set of records are then used to
fit the following multiple linear regression model, which describes a ground motion’s
collapse intensity as a function of its SaRatio and Ds values, using the least-squares
method:

lnSa(T̄ ) at collapse = c0 + css lnSaRatio+ cdur lnDs+ ε (6.2)

where ε represents the zero-mean error term. Coefficient of determination (R2) values
of around 0.80 to 0.85 were obtained when this model was fit to the analysis results of
51 reinforced concrete moment frame buildings in Chapter 5. These large R2 values
imply that the SaRatio and Ds values of a ground motion are good predictors of its
collapse intensity. The expected collapse intensity of any arbitrary ground motion
with a given SaRatio and Ds value can now be estimated without conducting any
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additional structural analyses, as

E
[

lnSa(T̄ ) at collapse | lnSaRatio, lnDs
]

= c0 + css lnSaRatio+ cdur lnDs (6.3)

This simplified alternative procedure is also iterative in nature and requires an
initial estimate of the median collapse capacity, µ0. As mentioned previously, µ0 =

2.2×MCER serves as a good initial estimate for newly designed structures. The site-
specific median SaRatio target conditional on the intensity level µ0 is computed as the
SaRatio value of the CMS at this intensity level, using Equations (6.1a) and (6.1b).
The conditional median Ds target is computed analogously using the GCIM frame-
work, as per the procedure outlined in Chapter 4/Chandramohan et al. (2016a) and
Chapter 5. Let these conditional median target values be called SaRatio0 and Ds0

respectively. An improved estimate of the hazard-consistent median collapse capac-
ity, µ1 can now be obtained by substituting SaRatio0 and Ds0 into Equation (6.3).
This step provides an alternative to conducting a modified IDA using records selected
to match a target CMS and median Ds value, conditional on the intensity level µ0.
The implicit assumption that the scalar parameter SaRatio exhibits a certain degree
of statistically sufficiency (Rice 2006, p. 305) for the entire vector CMS, has been
previously validated in Chapter 5. Similar to the original FEMA P-58 procedure,
if µ1 is significantly different from µ0, conditional median targets SaRatio1 and Ds1
can be computed conditional on the intensity level µ1, and Equation (6.3) can be
iteratively evaluated until the difference in the median collapse capacities estimated
over successive iterations is small. The final value that the iterations converge to is
the hazard-consistent median collapse capacity, which can then be used in conjunc-
tion with a lognormal standard deviation computed as per the recommendations of
FEMA (2012b) (§ J.5), to construct the hazard-consistent collapse fragility curve.

When this method was applied to the eight-story reinforced concrete moment
frame, a hazard-consistent median collapse capacity of Sa(1.76 s) = 0.70 g was ob-
tained, which is in good agreement with the value 0.68 g computed by conducting
MSA using hazard-consistent ground motions. These computations are described in
further detail in Chapter 5, along with similar comparisons assuming the structure is
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located at sites other than Seattle, in different tectonic regimes.

6.5.2 Estimating structural demands given collapse has not

occurred

FEMA P-58 provides guidelines to conduct three types of assessments to estimate
structural demands given collapse has not occurred, viz., scenario-based, intensity-
based, and time-based assessments. The objective of a scenario-based assessment is to
estimate the range of structural demands under a prescribed earthquake scenario, de-
fined by parameters like magnitude, hypocenter location, rupture mechanism, source-
to-site distance, site Vs30, etc. Ground motions are selected to match a target median
response spectrum constructed using the median response spectral ordinates predicted
by an appropriate ground motion prediction equation (GMPE) (e.g., Abrahamson et
al. 2014; Boore et al. 2014; Chiou and Youngs 2014; Abrahamson et al. 2016) for
the considered scenario. The effect of ground motion duration can be considered in
this procedure by selecting records to additionally match a target median Ds value
computed using an appropriate prediction equation for Ds (e.g., Abrahamson and
Silva 1996; Kempton and Stewart 2006; Bommer et al. 2009; Afshari and Stewart
2016). An intensity-based assessment is conducted to evaluate structural demands
conditional on the event of observing ground motion at a site whose intensity exceeds
a certain specified value. Conducting a time-based assessment is equivalent to con-
ducting a series of intensity-based assessments at different intensity levels. Ground
motions to conduct intensity-based and time-based assessments are selected to match
either a target UHS, CMS, or CS at each intensity level, of which, the CS is recom-
mended as the preferred option. The effect of duration can be incorporated into these
procedures by selecting ground motions to match a target conditional distribution of
Ds, the computation of which is described in Chapter 4/Chandramohan et al. (2016a)
and Chapter 5, in addition to the CS, at each ground motion intensity level.

Peak story drift ratio, peak floor acceleration, and peak ground velocity are the
primary demand parameters used to define the component damage fragility functions
in the FEMA P-58 methodology. Although ground motion duration is expected to
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influence peak story drift ratios at intensity levels large enough to produce significant
inelastic structural deformations and consequent strength and stiffness degradation
(Chapter 2/Chandramohan et al. 2016b), it is not expected to significantly affect peak
floor accelerations and peak floor velocities. These demand parameters, however, all
quantify the peak value of a response parameter over the entire response history.
Cumulative damage metrics like equivalent number of cycles, total hysteretic energy
dissipated, accumulated plastic strain, and the Park & Ang index (Park and Ang
1985) are expected to be more strongly influenced by ground motion duration than
peak responses. Although studies such as Krawinkler and Zohrei (1983), Lee and Goel
(1987), and Mander et al. (1994) have shown cumulative metrics to be well correlated
to the damage observed in structural steel components and reinforcing bars due to
local buckling and fracture initiated by low-cycle fatigue, these metrics are currently
not used to define any of the fragility functions in the FEMA P-58 methodology.
FEMA P-58 also uses residual drift ratio as an input to the performance assessment
methodology. It recommends the estimation of residual drift ratios using predictive
equations based on peak story drift ratios; not from the conducted structural analyses
(FEMA 2012b, Appendix C). Although the influence of duration on residual drift
ratio was not explicitly quantified in this study, the gradual unidirectional ratcheting
of drifts observed under long duration ground motions in Chapter 3 suggests that
duration could influence residual drifts. Any observed effect of duration on residual
drifts could be incorporated in the FEMA P-58 methodology by revising the predictive
equations in FEMA (2012b) (§ 5.4).

6.6 The FEMA P695 methodology

Current building design standards that employ a force-based seismic design philoso-
phy (e.g., ASCE 2016) use seismic performance factors—response modification coeffi-
cient (R-factor), system overstrength factor (Ω0), and deflection amplification factor
(Cd)—to estimate the demands imposed on structures responding in the nonlinear
range, using equivalent linear analysis procedures. The FEMA P695 methodology
(FEMA 2009b) provides an objective basis for quantifying these seismic performance
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factors either for a new structural system that is proposed for inclusion in the design
code, or for existing structural systems already contained in the design code. The
methodology involves

(i) the development of a set of archetypical structural designs, which cover the
permissible range of structural configurations and design parameters for the
structural system under consideration;

(ii) the creation of nonlinear models to simulate the dynamic response of the devel-
oped structural archetypes under earthquake ground motions, until the onset
of structural collapse;

(iii) the estimation of the collapse fragility curves of the structural archetypes using
nonlinear dynamic analysis; and

(iv) the evaluation of structural performance based on the inferred margins of safety
against collapse.

The recommendations provided in FEMA (2009b) (Chapter 5), to guide the cre-
ation of nonlinear models, are intended to be sufficient to adequately capture the
effect of duration on the collapse response of the structural archetypes. Among the
list of recommendations, incorporating the in-cycle and cyclic deterioration of the
strength and stiffness of structural components, and the destabilizing P −∆ effect of
gravity loads, is critical to capture the effect of duration (Chapter 3/Chandramohan
et al. 2017).

The strategies presented in this section, to incorporate the effect of duration in
the FEMA P695 methodology, propose modifications to the existing procedure to es-
timate the collapse capacity of each structural archetype. The existing procedure to
estimate structural collapse capacity requires conducting a modified version of IDA
using a prescribed set of 22 pairs of horizontal ground motions recorded from large
magnitude crustal earthquakes. This prescribed record set is known as the far-field set
since it consists entirely of ground motions recorded at distances greater than 10 km
from the seismic source (FEMA 2009b, Appendix A). The modified IDA procedure
involves analyzing the structure using all the records in the set, normalized by their
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respective peak ground velocities, and then linearly scaled by the same scalar factor.
This procedure is repeated by appropriately adjusting the scale factor until exactly
half the records cause structural collapse. The median Sa(T1) value of the ground
motions, where T1 corresponds to the fundamental elastic modal period of the struc-
ture, scaled such that exactly half of them cause structural collapse, is the estimated
median collapse capacity of the structure. A lognormal collapse fragility curve is then
constructed using the estimated median collapse capacity and a lognormal standard
deviation chosen based on the guidelines provided in FEMA (2009b) (§ 7.3).

It was recognized that the collapse capacity estimated in this manner is generally
biased, because the records in the far-field set do not possess response spectral shapes
that are representative of intense ground motions typically observed in high seismic
regions in the US. This discrepancy necessitated the development of a spectral shape
factor to correct the bias in the estimated median collapse capacity (FEMA 2009b,
Appendix B). Response spectral shape was quantified using ε, which is defined as the
number of standard deviations the natural logarithm of Sa(T ) of a ground motion is
above or below the natural logarithm of the median Sa(T ) value predicted by a GMPE.
The development of the spectral shape factor was a two-stage process that involved
(i) computing target ε-values that are representative of actual sites located in high
seismic regions in the US; and (ii) characterizing the magnitude of the influence of ε
on structural collapse capacity, as a function of structural characteristics. Owing to
the number of simplifying assumptions that were made in the process of developing
the spectral shape factor, several shortcomings and inconsistencies were identified
with potential for improvement:

(i) ε is an implicit measure of response spectral shape and has been shown to be less
efficient compared to explicit metrics of response spectral shape, like SaRatio,
in predicting structural collapse capacity (Eads et al. 2016).

(ii) The structural archetypes are designed based only on generic MCER spectral
ordinates corresponding to the limits of the seismic design category (SDC) def-
initions (ASCE 2016, § 11.6). This required the computation of SDC-specific
target ε-values by averaging ε targets over all sites in the US that fall within
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an SDC, thereby resulting in a considerable loss of granularity.

(iii) ε(1 s) targets were used to compute the spectral shape factor applied to struc-
tural archetypes of all periods.

(iv) ε targets computed for sites with Vs30 = 760 m/s, corresponding to the bound-
ary between soil site classes B and C (ASCE 2016, Chapter 20), were used to
compute the spectral shape factor applied to structural archetypes, which are
all designed for site class D.

(v) Using the average ε-value of all the far-field ground motions at each period
to compute the spectral shape factor, instead of the individual ε-value of each
ground motion, is associated with a loss of precision. Simplifying the actual
average ε vs. period relation by a piecewise linear curve results in a further loss
of precision.

(vi) There is large degree of uncertainty associated with using a simplified relation
to predict the influence of ε on structural collapse capacity using the ductility of
the structural archetype, as inferred from a nonlinear static pushover analysis.

(vii) Studies on ductile and non-ductile reinforced concrete moment frame buildings
and wood frame buildings were used to characterize the relation between ε and
structural collapse capacity, which were then generalized for application to all
structural systems.

The importance of ground motion duration in assessing structural collapse ca-
pacity using deteriorating structural models is acknowledged (FEMA 2009b, p. 6-5)
and cited as the reason for selecting ground motions recorded from large magnitude
earthquakes in the far-field set (FEMA 2009b, § A.7). The durations of the se-
lected records are, however, significantly shorter than those likely to be produced by
MW ∼ 9.0 subduction earthquakes in the US Pacific Northwest (Figure 1.1; Raghu-
nandan et al. 2015) and even MW ∼ 8.0 crustal earthquakes on the San Andreas
fault. Regardless, no adjustment for the effect of duration, analogous to the spectral
shape factor, is prescribed. Recommendations were developed as part of this study,
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to incorporate such an adjustment for the effect of duration, and to simultaneously
refine the original method of accounting for the effect of response spectral shape us-
ing a correction based on ε, in an effort to address the drawbacks listed above. The
nature of these recommendations, in some situations, require minor modifications to
the procedure used to design the structural archetypes, related to the consideration
of site-specific seismic hazard information. Ground motion response spectral shape
is quantified using SaRatio and duration using Ds. The proposed procedures fall
into two broad categories: (i) to define site-specific SaRatio and Ds targets for each
structural archetype; and (ii) to adjust the estimated median collapse capacity based
on these computed site-specific targets.

6.6.1 Defining site-specific SaRatio and Ds targets

The original FEMA P695 methodology requires all structural archetypes to be de-
signed using the ELF procedure (ASCE 2016, § 12.8), unless it is not permitted for
a specific structural configuration. Since site-specific seismic hazard information is
quantified only in terms of the MCER response spectrum in the ELF procedure, the
structural archetype designs are based just on the MCER response spectral ordinates
corresponding to SDC boundaries, without any translation of the designs to actual
physical sites (FEMA 2009b, § 5.2.2). While this lends a certain degree of simplicity
to the process of defining performance groups, which are used to classify structural
archetypes that share a set of common design parameters, e.g., fundamental period
and SDC (FEMA 2009b, § 4.3), it necessitates the definition of a single ε target that
is representative of all sites that fall within an SDC, to define the SDC-specific spec-
tral shape factor. The FEMA P695 methodology computes average ε targets over all
sites within an SDC, which results in the loss of critical information regarding the
variation of ε targets over different geographical regions in the US. For example, tar-
get ε(1 s)-values in the range of 1.25 to 1.75 are expected in most of California at the
2% in 50 year hazard level, whereas values below 0.75 are typical in the New Madrid
fault zone (FEMA 2009b, § B.3.2). Two methods by which the original procedure
could be improved, to more rationally account for the geographic variation in seismic
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hazard, are proposed.

Method 1: Design structural archetypes to be located at sites with high

population density

The primary application of the FEMA P695 methodology is to benchmark the col-
lapse performance of structural systems proposed for inclusion into building design
codes. Hence, a logical approach is to design the structural archetypes to be lo-
cated at actual sites where the structural system is most likely to be implemented
in large numbers: sites with a high population density within cities. This approach
can be easily incorporated into the FEMA P695 methodology by binning structural
archetypes into performance groups not based on the SDC they were designed for, but
based on the city they were designed to be located in. The analogue of the original
recommendation to create performance groups corresponding to SDC Dmax and Dmin,
is to choose an appropriate mix of cities located in high and low seismic environ-
ments, as quantified by the mapped MCER spectral ordinates in Figures 6.4 and 6.5.
For example, San Francisco (California), Los Angeles (California), Seattle (Washing-
ton), and Salt Lake City (Utah) can be seen to have high levels of seismicity, while
Portland (Oregon), Eugene (Oregon), Memphis (Tennessee), and Chareston (South
Carolina) have moderately high levels of seismicity; these can be considered in lieu of
SDC Dmax sites. Care must, however, be taken not to select near-fault sites within
cities like San Francisco and Los Angeles, whose seismic hazard is controlled by the
deterministic cap on the MCER response spectral ordinates (ASCE 2016, § 21.2.2),
since structures at these sites are expected to have a higher collapse risk than the
stated performance objective of ASCE (2016) (FEMA 2009b, § 5.2.2). Although the
SDC Dmin intensity level is not expected to control the performance evaluation for
most structural systems, cities with a relatively low level of seismicity, like Las Vegas
(Nevada), Albuquerque (New Mexico), Nashville (Tennessee), St. Louis (Missouri),
and Little Rock (Arkansas), could be chosen for this level of evaluation.

An advantage of choosing real locations to design the structural archetypes is it
readily allows the computation of site-specific SaRatio and Ds targets for each struc-
tural archetype. The site-specific conditional median SaRatio target is computed as
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Figure 6.4: MCER response spectral ordinates at (a) 0.2 s and (b) 1 s in Western USA,
computed as per ASCE (2010). The seismic design category (SDC) classification in (c)

assumes the soil conditions at all sites correspond to site class D.
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Figure 6.5: MCER response spectral ordinates at (a) 0.2 s and (b) 1 s in Central and East-
ern USA, computed as per ASCE (2010). The seismic design category (SDC) classification

in (c) assumes the soil conditions at all sites correspond to site class D.
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the SaRatio value of the CMS, using Equations (6.1a) and (6.1b), and the conditional
median Ds target is computed analogously using the GCIM framework, as per the
procedure outlined in Chapter 4/Chandramohan et al. (2016a). Median SaRatio and
Ds targets in Western USA, conditional on the 0.5% in 50 year exceedance proba-
bility of Sa(1.0 s), are plotted in Figure 6.6. These targets can be used as a guide to
ensure the selection of cities with low SaRatio and/or long Ds targets, in addition to a
high level of seismicity, since structural archetypes designed at such sites are expected
to possess relatively low margins of safety against collapse, and thereby control the
performance evaluation. The SaRatio targets plotted in Figure 6.6a were computed
using the Campbell and Bozorgnia (2014) and Abrahamson et al. (2016) GMPEs to
predict response spectra from crustal and interface earthquakes respectively, and the
Baker and Jayaram (2008) model for the correlation between the ε-values of Sa(T ) at
different periods for all types of earthquakes. The Al Atik (2011) correlation model
for the ε-values of Sa(T ) for interface earthquakes was not used because its predic-
tions were limited to a period of 5.0 s. Although the Baker and Jayaram (2008) model
was developed for crustal earthquakes, its applicability to interface earthquakes has
been verified by Jayaram et al. (2011a). Since in-slab earthquakes could not be dis-
tinguished from crustal earthquakes in the deaggregation results provided by USGS
(2008), they were treated in a manner similar to crustal earthquakes in the compu-
tations. This approximation is not expected to significantly influence the computed
targets since their relative contribution to the seismic hazard at long return periods
is small compared to interface and crustal earthquakes. There is also a small discrep-
ancy in using the more recent and refined Abrahamson et al. (2016) model to compute
SaRatio targets, although it is not one of the GMPEs for interface earthquakes used
in the deaggregation computations conducted as per Petersen et al. (2008), the latest
national seismic hazard model for which deaggregation results are currently available.
Abrahamson et al. (2016) predicts relatively lower response spectral ordinates at pe-
riods longer than 1.0 s, when compared to Zhao et al. (2006), the GMPE assigned the
largest weight in Petersen et al. (2008) (Petersen et al. 2014, Figure 112). This results
in the computation of larger ε-values at periods above around 0.6 s, and consequently



CHAPTER 6. DURATION IN ASSESSMENT AND DESIGN 190

higher SaRatio targets at sites in the Pacific Northwest region, compared to the tar-
gets computed using Zhao et al. (2006), plotted in Figure 6.6b. There is, however,
almost no difference seen in the SaRatio targets conditional on the period 0.2 s (Fig-
ure C.1) since the predictions of the two GMPEs are similar at periods shorter than
0.6 s. This issue can be resolved using the method proposed by Lin et al. (2013a),
to compute a CMS proportionally aggregated over all GMPEs used in the logic tree
for seismic hazard analysis, in conjunction with deaggregation results from the Pe-
tersen et al. (2014) national seismic hazard model, when they are made available. The
Ds targets plotted in Figure 6.6c were computed using the Abrahamson and Silva
(1996) prediction equation and the Bradley (2011) model for the correlation between
the ε-values of Ds and Sa(T ) for all types of earthquakes, although they were both
developed for crustal earthquakes, since analogous models for interface and in-slab
earthquakes have not yet been developed. The Abrahamson and Silva (1996) predic-
tion equation for Ds was chosen over others like Kempton and Stewart (2006) and
Afshari and Stewart (2016) since it predicts the shortest ground motion durations
when extrapolated to large magnitudes, thereby allowing the effect of duration to be
demonstrated using the most conservative model (Chapter 4/Chandramohan et al.
2016a). Hence, caution must be exercised in interpreting the plotted SaRatio and
Ds targets. Although targets in Central and Eastern USA could be computed anal-
ogously using the NGA-East GMPEs (PEER 2015) and the Lee and Green (2014)
duration prediction model for stable continental regions, they were considered to be
out of the scope of the present study. The targets plotted in Figure 6.6 assume site
soil conditions characterized by Vs30 = 270 m/s, which corresponds to site class D,
in line with the recommendations of the FEMA P695 methodology (FEMA 2009b,
§ 5.2.2). The targets are computed conditional on the ground motion intensity cor-
responding to the 0.5% in 50 year hazard level, since it is shown in FEMA (2009b)
(§ B.3.2) to approximately correspond to the median collapse capacity of new struc-
tural designs, although 2.2 ×MCER is expected to be a better estimate. Although
the targets vary considerably depending on the conditioning period, some common
trends are observed at all periods, e.g.,
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(i) Ds targets are longer at sites in the US Pacific Northwest due to the high like-
lihood of experiencing ground motions from MW ∼ 9.0 interface earthquakes;
and

(ii) SaRatio targets are lower at sites located along active crustal faults since the
return period of the 0.5% in 50 year ground motion at these sites is longer than
the return period of the earthquake that causes that ground motion by a smaller
amount compared to the surrounding areas.

This can be verified from the plots of targets computed conditional on the periods
0.2 s and 4.0 s in Appendix C. Targets corresponding to Vs30 = 760 m/s at the 0.5%
in 50 year and 2% in 50 year hazard levels are also included.

The hazard-consistent median collapse capacity of the eight-story reinforced con-
crete moment frame was estimated using Method 1 from the three methods proposed
in § 6.6.2 below, to adjust the estimated median collapse capacity based on the site-
specific conditional median SaRatio and Ds targets. The structure was assumed to
be located on a site with Vs30 = 760 m/s for the purpose of these calculations. The
median collapse capacity was estimated to be Sa(1.76 s) = 0.70 g, and the median
SaRatio(1.76 s, 0.35 s, 5.00 s) and Ds5−75 targets conditional on this intensity level
were computed to be 1.94 and 17.3 s respectively. Although the structure was de-
signed to be located in Seattle, its median collapse capacity was re-estimated using
targets computed at three other sites located in high seismic regions of Western USA:
Eugene, San Francisco, and Los Angeles, to evaluate the impact of explicitly con-
sidering SaRatio and Ds targets at different sites. The median collapse capacities
computed at all the sites are summarized in Table 6.1, along with the median SaRatio
and Ds targets at these sites, conditional on the median collapse intensity level. The
procedure followed to compute these SaRatio and Ds targets was similar to that used
to compute the targets plotted in Figure 6.6, except the Al Atik (2011) correlation
model for the ε-values of Sa(T ) was used for interface earthquakes, and the contri-
bution of in-slab earthquakes was explicitly considered using the Abrahamson et al.
(2016) GMPE, in computing the SaRatio targets. The use of the Al Atik (2011)
model limited the upper end of the period range used to compute SaRatio to 5.00 s,
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Figure 6.6: Median (a), (b) SaRatio(1.0 s, 0.2 s, 3.0 s) and (c) Ds5−75 targets in Western
USA, conditional on the exceedance of the Sa(1.0 s) values in (c). The SaRatio targets in
(a) are computed using the Abrahamson et al. (2016) GMPE for interface earthquakes, and
those in (b) are computed using Zhao et al. (2006). The Sa(1.0 s) values in (c) are exceeded

with a probability of 0.5% in 50 years. Vs30 = 270 m/s is assumed at all sites.
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Table 6.1: Summary of the hazard-consistent median collapse capacities of the eight-story
reinforced concrete moment frame building, with ground motion intensity characterized
using Sa(1.76 s), evaluated at different sites located in high seismic regions of Western USA.
Median SaRatio and Ds targets are computed conditional on the estimated median collapse

intensity level.

Site
Median collapse

capacity (g)
Median target

SaRatio(1.76 s, 0.35 s, 5.00 s)
Median target
Ds5−75 (s)

Seattle 0.70 1.94 17.3
Eugene 0.58 1.84 34.2
San Francisco 0.70 1.79 12.4
Los Angeles 0.98 2.13 5.2

instead of 3.0T1 = 5.29 s; however, this is not expected to significantly influence the
obtained results. The lowest median collapse capacity is observed at Eugene due to
its long Ds target coupled with a relatively low SaRatio target. The highest median
collapse capacity is observed at Los Angeles due to its short Ds and high SaRatio

target. The median collapse capacity at San Francisco is higher than Eugene since
the effect of having a much shorter Ds target outweighs the effect of having a slightly
lower SaRatio target. On the other hand, the median collapse capacities at San
Francisco and Seattle are similar since the effect of the difference in their SaRatio
targets is exactly counteracted by the difference in their Ds targets. These observa-
tions demonstrate the need to consider the effect of duration, in addition response
spectral shape, in structural collapse risk estimation. It is worth noting the range in
the SaRatio and Ds targets computed at the considered sites, all of which could be
considered representative of SDC Dmax sites. This extent of variation in the targets
produces median collapse capacities that range from 0.58 g at Eugene to 0.98 g at Los
Angeles, which corresponds to a 69% increase. The median collapse capacity at Los
Angeles is also 40% larger than that at San Francisco, although the two sites are
often considered to be located in similar tectonic regimes. These differences cannot
be adequately captured by using one common adjustment factor applied to all struc-
tural archetypes designed for a specific SDC. This highlights the need to consider
site-specific SaRatio and Ds targets in the performance evaluation process.

Evaluating the performance of structural systems at actual cities they are likely
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to be implemented in, also provides the option of developing geographical region-
specific seismic performance factors. For example, consider sites in the US Pacific
Northwest that can be observed from Figure 6.6c to have relatively long Ds targets.
Rapidly deteriorating structural systems that are highly sensitive to the influence
of ground motion duration (Raghunandan and Liel 2013; Chapter 2/Chandramohan
et al. 2016b) could, therefore, be designed with lower R-factors at these sites. Simi-
larly, sites along active crustal faults can be observed from Figures 6.6a and 6.6b to
have relatively low SaRatio targets. Therefore, structures expected to be sensitive to
the effect of response spectral shape, e.g., ductile structures that are likely to expe-
rience significant period elongation as they respond in the nonlinear range, and tall
structures whose dynamic response is controlled by higher modes corresponding to
periods lower than the fundamental period (Haselton et al. 2011a), could be designed
using lower R-factors at these sites. This would ensure a more uniform distribution of
structural collapse risk over different geographical regions, in line with the objective
of developing risk-targeted seismic design maps (Luco et al. 2007). This proposition is
similar to other recommendations made in FEMA (2009b) (§ 11.2.1), like developing
period and SDC-specific seismic performance factors.

Method 2: Design structural archetypes based on SDC boundaries using

extreme SaRatio and Ds targets

An alternative approach that represents a middle ground between the original FEMA
P695 methodology and Method 1, is to design the structural archetypes using MCER

response spectral ordinates corresponding to SDC limits, but to use the lowest SaRatio
and longest Ds targets observed at sites lying near the geographical SDC boundary
(Figure 6.4c) to evaluate their collapse performance. This is in contrast to the proce-
dure employed in the original methodology, wherein average ε targets are computed
over all such sites, but consistent with the conservative nature of other elements
of the methodology, including (i) designing the archetypes to the highest practical
MCER response spectral ordinates corresponding to the SDC Dmax boundary; and
(ii) assuming all archetypes are located on sites with soft soil corresponding to site
class D. To keep the procedure tied to reality, only those sites with a high population
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density within cities could be considered for the purpose of choosing targets. For ex-
ample, targets corresponding to the SDC Dmax boundary could be chosen from among
SaRatio and Ds target pairs computed at sites in San Francisco, Los Angeles, Seattle,
Portland, and Eugene. If a single site does not possess the most extreme SaRatio
and Ds targets compared to all others, it may be necessary to evaluate the structure
using two pairs of targets corresponding to different sites, with each pair containing
either an extreme SaRatio or Ds target. The relative sensitivity of the structure
to the effects of response spectral shape and duration will decide which of the two
pairs controls the evaluation. For example, among the sites in Table 6.1, Eugene has
the longest Ds target and San Francisco has the lowest SaRatio target; however, the
median collapse capacity at Eugene is lower since the effect of duration dominates the
effect of response spectral shape. It may also be necessary to additionally consider
sites that possess relatively low SaRatio and long Ds targets, but possibly not the
most extreme SaRatio or Ds targets compared to the other sites. Sites and targets
to be used to evaluate all structural archetypes are not prescribed here because of the
variation in the targets with conditioning period, and the approximations employed
in computing them. Additional studies could, however, be undertaken to recommend
sites and targets to be used to evaluate structures within specified period ranges.

6.6.2 Adjusting the median collapse capacity based on site-

specific SaRatio and Ds targets

The FEMA P695 methodology requires the evaluation of the median collapse capacity
of each structural archetype by conducting modified IDA using a prescribed far-
field record set, consisting of 22 pairs of horizontal ground motions recorded from
shallow crustal earthquakes. Since the response spectral shapes and durations of the
records in this far-field set are not representative of the ground motions likely to be
observed at any particular site, the estimated median collapse capacity is not hazard-
consistent. Three methods are proposed in this section to adjust the estimated median
collapse capacity based on site-specific SaRatio and Ds targets computed as per the
recommendations in § 6.6.1, to obtain the hazard-consistent value. Among the three
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proposed methods, Method 1 is considered to be the most refined and accurate, and
Method 3 the least. On the other hand, Method 1 is also the most computationally
intensive, while Method 3 is the least.

The far-field set contains relatively short duration records (with Ds5−75 < 25 s)
that are not representative of the type of ground motions likely to be produced by
earthquakes ofMW ∼ 8.0 and above on the San Andreas fault and those ofMW ∼ 9.0

in the Cascadia subduction zone. Therefore, Methods 1 and 2 use an additional set
of 44 long duration records (with Ds5−75 > 25 s), selected from both large magnitude
interface earthquakes like the 2011 Tohoku (Japan), 2010 Maule (Chile), and 1985
Michoacan (Mexico) earthquakes, and large magnitude crustal earthquakes like the
2008 Wenchaun (China) and 2002 Denali (USA) earthquakes. Each of these 44 long
duration ground motions was selected to have a similar response spectrum to one of
the short duration ground motions, using the procedure outlined in Chapter 2/Chan-
dramohan et al. (2016b). The advantage of selecting the long duration records to be
spectrally equivalent to the short duration records is discussed individually in Meth-
ods 1 and 2. Henceforth, the far-field set shall be referred to as the short duration set,
and the 44 long duration records shall be collectively referred to as the long duration
set. The durations of the ground motions in the two sets are compared in Figure 6.7.
The geometric mean Ds5−75 value of the records in the short and long duration sets
are 5.4 s and 44.3 s respectively. Detailed information regarding the short and long
duration record sets, including response spectra and time series plots, is provided in
Appendix A.

Method 1: Conduct full IDA using the short and long duration record sets

This method is the most refined and accurate of the three methods, but also the most
computationally expensive. It is similar to the method proposed in § 6.5.1 above, to
account for site-specific SaRatio and Ds targets when estimating structural collapse
capacity using IDA. It has also been previously described in § 5.5.4 and summarized
in Procedure 5.2. It requires conducting full IDA using the 88 records from short
and long duration sets, i.e., each ground motion should be incrementally scaled to
higher intensity levels until it causes structural collapse. The regression model in
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Figure 6.7: Histograms of the 5–75% significant durations (Ds5−75) of the ground motions
in the spectrally equivalent long and short duration record sets.

Equation (6.2) is then fit to the computed ground motion collapse intensities to esti-
mate the coefficients c0, css, and cdur. Selecting the long duration set to be spectrally
equivalent to the short duration set is equivalent to using pairs of records with similar
SaRatio values but different Ds values to estimate the regression coefficients. This
attributes a property known as orthogonality to the predictors, which is one of many
factors that ensures the estimated coefficients have low variance. Other factors that
control the variance of the estimated coefficients are discussed in § 5.7. Note that an
alternative record set, selected to adhere to the guidelines proposed in § 5.7, could
also be used in lieu of these 88 records. The coefficients css and cdur quantify the
sensitivity of structural collapse capacity to ground motion response spectral shape
and duration respectively. More specifically, the coefficient cdur represents the ex-
pected percent change in structural collapse capacity for every 1% change in Ds,
while holding SaRatio constant. The coefficient css can be interpreted along similar
lines.

Median targets SaRatio0 and Ds0 are then computed conditional on a ground
motion intensity level corresponding to an initial estimate of the hazard-consistent
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median collapse capacity, µ0. SaRatio0 and Ds0 are then substituted into Equa-
tion (6.3) to compute an improved estimate of the hazard-consistent median collapse
capacity, µ1. If µ1 is significantly different from µ0, this process is repeated itera-
tively by computing median targets SaRatio1 and Ds1 conditional on the intensity
level µ1, and so on, until the difference in the estimated median collapse capacity over
successive iterations is small. The final value that the iterations converge to is the
hazard-consistent median collapse capacity. The reader is referred to the IDA section
of § 6.5.1, and § 5.5.4 for further details regarding the theory behind the method.

The hazard-consistent median collapse capacity of the eight-story reinforced con-
crete frame is computed to be 0.70 g using this method. Since this is considered to
be the most accurate of the three proposed methods, the accuracy of Methods 2 and
3 will be evaluated by comparing the median collapse capacity of the same structure
estimated using each of them, to this value. The good agreement of the estimate
0.70 g with the value 0.68 g obtained by conducting MSA using hazard-consistent
ground motions in Chapter 4/Chandramohan et al. (2016a), confirms the accuracy of
this method. The estimate obtained following the procedure outline in the original
FEMA P695 methodology, however, is 1.13 g, whose inaccuracy stems both from the
approximate nature of the spectral shape adjustment based on ε and the lack of an
analogous adjustment for the effect of duration.

Method 2: Conduct modified IDA using the short and long duration record

sets

This method is ranked in between the other two methods in terms of accuracy and
computational cost. It requires conducting modified IDA, as described in the original
FEMA P695 methodology, first using the short duration set, and then using the long
duration set, to compute two separate estimates of the unadjusted median collapse
capacity: µshort and µlong respectively (with µshort typically greater than µlong). It is,
however, recommended that the records be scaled based on their individual Sa(T1)
values instead of the median Sa(T1) value of all the records in each set, as proposed
in FEMA (2009b) (§ 6.2.3 and § A.8), since the long duration records have not been
normalized based on their peak ground velocities. Like Method 1, an initial estimate
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of the hazard-consistent median collapse capacity, µ0, is required. 2.2×MCER usually
serves as a good initial estimate; however, the computed values µshort and µlong could
also serve as a guide to estimate µ0. µshort and µlong are then adjusted for the effect of
response spectral shape by multiplying each of them by a spectral shape adjustment
factor, kss, computed individually for each set as follows:

kss =

(
SaRatio

target

SaRatiorecords

)css
(6.4)

where SaRatiotarget0 represents the site-specific median SaRatio target, conditional on
the ground motion intensity level Sa(T1) = µ0; SaRatiorecords represents the geometric
mean SaRatio value of all the records in the set; and css is a typically positive coef-
ficient that quantifies the magnitude of the influence of response spectral shape on
the collapse capacity of the structure. The functional form of this relation is derived
from Equation (6.3). The value of css can be predicted as a function of structural
characteristics as described in the Predicting css and cdur section below. The accu-
racy of this method largely hinges on the accuracy with which css can be predicted.
The kss values computed for the two sets, kshortss and klongss , are expected to be nearly
equal since the sets are spectrally equivalent. Alternatively, the spectral shape fac-
tor defined in FEMA (2009b) (§ 7.2.2) could also be used to adjust µshort and µlong.
This factor is applicable to the long duration set, even though it was developed for
the short duration set, since the two sets are spectrally equivalent. The adjustment
based on SaRatio described above is, however, expected to be more accurate. Like
the original spectral shape factor, the value of kss is expected to be greater than 1,
since the response spectral shapes of intense ground motions expected at sites are
typically more benign, compared to the records in the two sets.

Dstarget0 is computed analogous to SaRatiotarget0 , as the site-specific median Ds

target, conditional on the Sa(T1) = µ0 intensity level. An improved estimate of the
hazard-consistent median collapse capacity, µ1, is now computed corresponding to
Dstarget0 by linear interpolation between kshortss µshort and klongss µlong (or in some rare
cases, extrapolation) in log space. This computation is equivalent to multiplying
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kshortss µshort by a duration adjustment factor, kdur, computed as follows:

kdur =

(
Dstarget

Dsshort

)cdur
(6.5a)

cdur =
ln
(
klong
ss µlong/kshortss µshort

)

ln
(
Dslong/Dsshort

) (6.5b)

where Dsshort and Dslong refer to the geometric mean Ds values of the short and
long duration records respectively. The functional form of Equation (6.5a) is similar
to Equation (6.4), and is also derived from Equation (6.3). cdur, analogous to css,
quantifies the magnitude of the influence of ground motion duration on the collapse
capacity of the structure, and is typically a negative coefficient since longer duration
ground motions produce lower collapse capacities. Consequently, the value of kdur
will be lesser than 1 when the ground motions anticipated at the site are longer than
those contained in the short duration set, and greater than 1 otherwise. If µ1 =

kdurk
short
ss µshort is significantly different from µ0, this procedure should be repeated by

computing SaRatiotarget1 and Dstarget1 conditional on the Sa(T1) = µ1 intensity level,
and so on. The final value that the iterations converge to is the hazard-consistent
median collapse capacity. This method is summarized in Procedure 6.1.

Upon analyzing the eight-story reinforced concrete frame using modified IDA,
µshort is computed to be Sa(1.76 s) = 0.71 g, and µlong as 0.44 g. Since the frame is
a modern structure, designed as per the 2012 IBC (ICC 2012), µ0 is computed as 2.2×
MCER = 0.99 g. To apply the spectral shape adjustments, SaRatio(1.76 s, 0.35 s, 5.00 s)target0

at Seattle, conditional on µ0, is computed as 2.00; and SaRatio(1.76 s, 0.35 s, 5.00 s)records

is computed as 1.47 for both the short and long duration sets. css is estimated as 0.92
corresponding to a period of 1.76 s, using the predictive relation Equation (6.6), the
development of which is described in the Predicting css and cdur section below. It is
worth noting that Equation (6.6) is strictly valid only when the period range 0.2T1 to
3.0T1 is used to compute SaRatio. Using this equation when SaRatio is computed over
a slightly different period range, however, is not expected to produce a significantly
different css estimate. Substituting these values into Equation (6.4), kshortss and klongss

are both computed to be 1.33. The median collapse capacities adjusted for the effect
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Procedure 6.1: Compute the hazard-consistent median collapse capacity of a
structure using results from modified IDAs conducted using the short and long
duration record sets.

1 Develop a numerical model of the structure that incorporates the in-cycle and cyclic
deterioration of strength and stiffness of the structural components, and the
destabilizing P −∆ effect, as described in FEMA (2009b) (Chapter 5).

2 Conduct modified IDA individually using the short and long duration record sets to
compute the unadjusted median collapse capacity estimates, µshort and µlong

respectively. Simplified IDA is conducted as per the original FEMA P695
methodology, with the exception that records are scaled based on their individual
Sa(T1) values.

3 Obtain an initial estimate of the median collapse capacity, µ0. For new structures,
µ0 = 2.2×MCER serves as a good initial estimate. The values µshort and µlong could
also be used to guide the selection of µ0.

4 Compute SaRatiorecords(short) and SaRatiorecords(long) as the geometric mean
SaRatio values of the records in the short and long duration sets respectively.

5 Compute Dsshort and Dslong as the geometric mean Ds values of the records in the
short and long duration sets respectively.

6 Estimate css as a function of structural characteristics as per the procedure
described in the Predicting css and cdur section of § 6.6.2.

7 Set µ−1 ← 0

8 Set i← 0

9 while |µi−µi−1|
µi−1

> tolerance do

10 Compute the site-specific median target SaRatio and Ds values conditional on
µi, using Equation (5.11a). Let these median target values be called
SaRatio

target
i and Dstargeti respectively.

11 Compute kshortss(i) and klongss(i) by substituting SaRatiorecords(short) and

SaRatio
records(long) respectively in Equation (6.4) along with SaRatio

target
i .

12 Compute cdur(i) by substituting kshortss(i) and klongss(i) in Equation (6.5b).

13 Compute kdur(i) by substituting Dstargeti and cdur(i) in Equation (6.5a).

14 Compute µi+1 = kdur(i)k
short
ss(i) µ

short.

15 Set i← i+ 1

16 end

17 µi is the final estimate of the hazard-consistent median collapse capacity.
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of response spectral shape are now kshortss µshort = 0.94 g and klongss µlong = 0.58 g. To
apply the duration adjustment, Dstarget5−75(0) at Seattle, conditional on µ0, is computed
as 18.2 s. Substituting these values along with Dsshort5−75 = 5.4 s and Dslong5−75 = 44.3 s

into Equations (6.5a) and (6.5b), cdur is computed as −0.23 and kdur as 0.76. The
improved estimate of the hazard-consistent median collapse capacity, µ1, is now com-
puted as kdurkshortss µshort = 0.71 g Since µ1 = 0.71 g is not very close to the initial
estimate µ0 = 0.99 g, a second iteration is conducted following the same procedure,
to produce µ2 = 0.70 g. Since µ2 is close to µ1, further iterations are not necessary.
The final estimate 0.70 g is equal to the value computed using Method 1 to two sig-
nificant digits. It is also very close to µshort = 0.71 g computed from the modified
IDA using the short duration set, implying that the adjustment for response spectral
shape is almost exactly counteracted by the adjustment for duration. This could not
have been achieved using the original FEMA P695 methodology, which prescribes an
adjustment only for the effect of response spectral shape.

Method 3: Conduct modified IDA using just the short duration record set

This method is the least refined and accurate of the three methods, but also the
least computationally expensive. It requires conducting modified IDA using the short
duration set only, as per the original recommendations of the FEMA P695 methodol-
ogy, to compute the unadjusted median collapse capacity, µ. Records could be scaled
either based on their individual Sa(T1) values, or using the median Sa(T1) value of all
the records in the set, as originally proposed in FEMA (2009b) (§ 6.2.3 and § A.8).
Again, an initial estimate of the hazard-consistent median collapse capacity, µ0, is
required. 2.2 ×MCER usually serves as a good initial estimate, although the com-
puted value of µ can be used to guide the selection of this µ0. Site-specific median
SaRatio and Ds targets, SaRatiotarget0 and Dstarget0 respectively, are computed con-
ditional on the intensity level µ0. In a manner similar to Method 2, µ is adjusted
for the effect of response spectral shape by multiplying either with kss computed us-
ing Equation (6.4), or the spectral shape factor defined in FEMA (2009b) (§ 7.2.2),
although the former is expected to be more accurate. The value of css to be used
in Equation (6.4) can be predicted as a function of structural characteristics using
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the procedure outlined in the Predicting css and cdur section below. An additional
adjustment for the effect of duration is now made by multiplying with kdur, which
is computed using Equation (6.5a). Equation (6.5b) can unfortunately not be used
to compute cdur in this case since µlong and Dslong are undefined. Therefore, cdur
needs to be predicted as a function of structural characteristics as well, as described
in the Predicting css and cdur section below. The accuracy of this method, therefore,
depends on the quality of the predictions of cdur and css, in contrast to Method 2,
which only required the value of css to be predicted. µ1 = kdurkssµ now represents an
improved estimate of the hazard-consistent median collapse capacity. Finally, if µ1 is
significantly different from µ0, the procedure is repeated by computing SaRatiotarget1

and Dstarget1 conditional on µ1, and so on. The final value that the iterations converge
to is the hazard-consistent median collapse capacity. This method is summarized in
Procedure 6.2.

The application of this procedure to the eight-story reinforced concrete frame
requires repeating a number of the steps previously conducted for Method 2. For ex-
ample, µ is computed to be Sa(1.76 s) = 0.71 g by conducting modified IDA using the
short duration set. Defining µ0 as 2.2×MCER = 0.99 g, SaRatio(1.76 s, 0.35 s, 5.00 s)target0

is computed as 2.00 andDstarget5−75(0) as 18.2 s. Substituting SaRatio(1.76 s, 0.35 s, 5.00 s)records =

1.47 and css = 0.92 into Equation (6.4), kss is computed to be 1.33. Now departing
from the procedure followed in Method 2, cdur is estimated as −0.18 corresponding to
a period of 1.76 s, from the predictive relation in Equation (6.7), whose development
is outlined in the Predicting css and cdur section below. Substituting this value of cdur
and Dsshort5−75 = 5.4 s into Equation (6.5a), kdur is computed as 0.80. µ1 is now com-
puted as kdurkssµ = 0.76 g, which is not very close to the initial estimate µ0 = 0.66 g.
Hence, a second iteration of the procedure is conducted, to produce µ2 = 0.74 g, which
is now close to µ1. Hence, 0.74 g is the estimate of the hazard-consistent median col-
lapse capacity obtained using this method, which can be considered reasonably close
to the value 0.70 g obtained using Methods 1 and 2.
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Procedure 6.2: Compute the hazard-consistent median collapse capacity of
a structure using results from a modified IDA conducted using just the short
duration record set.

1 Develop a numerical model of the structure that incorporates the in-cycle and cyclic
deterioration of strength and stiffness of the structural components, and the
destabilizing P −∆ effect, as described in FEMA (2009b) (Chapter 5).

2 Conduct modified IDA as per the original FEMA P695 methodology using the short
duration record set, to compute the unadjusted median collapse capacity, µ. Records
could be scaled either based on their individual Sa(T1) values or the median Sa(T1)
value of all the records in the set.

3 Obtain an initial estimate of the median collapse capacity, µ0. For new structures,
µ0 = 2.2×MCER serves as a good initial estimate. The value µ could also be used
to guide the selection of µ0.

4 Compute SaRatiorecords as the geometric mean SaRatio value of the records in the
short duration set.

5 Compute Dsshort as the geometric mean Ds value of the records in the short
duration set.

6 Estimate css and cdur as functions of structural characteristics as per the procedure
described in the Predicting css and cdur section of § 6.6.2.

7 Set µ−1 ← 0

8 Set i← 0

9 while |µi−µi−1|
µi−1

> tolerance do

10 Compute the site-specific median target SaRatio and Ds values conditional on
µi, using Equation (5.11a). Let these median target values be called
SaRatio

target
i and Dstargeti respectively.

11 Compute kss(i) by substituting SaRatio
target
i in Equation (6.4).

12 Compute kdur(i) by substituting Dstargeti in Equation (6.5a).

13 Compute µi+1 = kdur(i)kss(i)µ.

14 Set i← i+ 1

15 end

16 µi is the final estimate of the hazard-consistent median collapse capacity.
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Predicting css and cdur

The coefficients css and cdur quantify the magnitude of the effects of response spectral
shape and duration respectively, on structural collapse capacity. They are used to
compute factors to adjust the median collapse capacity estimated using a generic
record set based on site-specific conditional median SaRatio and Ds targets. Method
2 requires the prediction of css alone, while Method 3 requires the prediction of
both css and cdur, as functions of structural characteristics. Haselton et al. (2011a)
develops a relation to compute a parameter analogous to css using the number of
stories and RDRult: the roof drift ratio at the point of 20% base shear strength
loss from a nonlinear static pushover analysis, as predictors. On similar lines, FEMA
(2009b) (§ B.3.3) proposes a relation to predict the effect of response spectral shape on
structural collapse capacity based on µT : the period-based ductility of the structure.
µT is computed as the ratio of RDRult and the roof drift ratio corresponding to the
yield point of the pushover curve. The motivation behind modeling the effect of
response spectral shape using the ductility of a structure is that ductile structures
are expected to undergo more significant inelastic period elongation, and thereby be
more influenced by response spectral ordinates at periods longer than T1. Attempts
were made to develop similar relations for css and cdur by analyzing

(i) 51 reinforced concrete (RC) ductile moment frames (MFs) ranging in height
from 1 to 20 stories, 21 of which were designed for sites in Seattle, Portland,
and Los Angeles by Raghunandan et al. (2015) and 30 by Haselton and Deierlein
(2008) (Chapter 6);

(ii) 3 steel ductile MFs, of which the 3 and 9-story variants were designed for a
site in Seattle as part of the SAC Steel Project (FEMA 2000), and the 5-story
structure represents an actual building located in San Francisco, previously an-
alyzed in Chapter 2/Chandramohan et al. (2016b), Chapter 3/Chandramohan
et al. (2017), and FEMA (2014); and

(iii) 3 steel buckling-restrained braced frames (BRBFs) and 3 steel special concen-
trically braced frames (SCBFs), each category containing 3, 6, and 12-story
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structures, designed as part of NIST (2010) (Chapter 5 and Appendix C).

All 60 structures were analyzed using Method 1 to compute their css and cdur

values. The computed css and cdur values are plotted against the fundamental elastic
modal period (T1), number of stories, RDRult, and ductility of the structures in
Figures 6.8 and 6.9 respectively. Note that −cdur is plotted instead of cdur in all the
plots of Figure 6.9 since the coefficient is generally negative. The plotted values of
ductility do not exactly correspond to µT as described in FEMA (2009b) (§ B.3.3),
since the yield roof drift ratios used to compute them were computed directly from
the pushover curves, instead of employing a period-based computation. The 6 and
12-story SCBFs were excluded from the plots of RDRult and ductility (Figures 6.8c,
6.8d, 6.9c and 6.9d) since they could not be successfully analyzed using a nonlinear
static pushover analysis. Least-squares regression lines fit only to the RC ductile MFs,
using the logarithm of each parameter, are superimposed on all the plots.

The observation of clear trends of css with respect to all four parameters in Fig-
ure 6.8 can be explained by the inherent correlation between the parameters. Tall
structures with long periods tend to exhibit low ductility and RDRult values due to
the localization of inelastic behavior over only a few stories along the height of the
building (Haselton et al. 2011b). This is verified by correlation coefficients of 0.94,
−0.92, and −0.87 computed between T1 and the number of stories, RDRult, and
ductility respectively, for the RC ductile MFs. Hence, the use of just one of these pa-
rameters to predict css values for RC ductile MFs is considered sufficient, in contrast
to Haselton et al. (2011a), which uses both the number of stories and RDRult. T1 is
chosen as the preferred predictor of css since it exhibits lower scatter than the number
of stories, and unlike RDRult and ductility, it can be computed without conducting a
pushover analysis. Hence, the following predictive equation for css is proposed, which
is expected to be valid for structures that fall within the range 0.4 s ≤ T1 ≤ 2.6 s:

css = 0.99− 0.13 lnT1 (6.6)

Trends of −cdur with respect to the four parameters plotted in Figure 6.9 involve
a lot more scatter than observed for css in Figure 6.8. There is, however, a discernible
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Figure 6.8: css values for all the analyzed structures plotted against their (a) fundamental
elastic modal period, (b) ductility, (c) number of stories, and (d) ultimate roof drift ratio.

The trend lines are fit only to the reinforced concrete ductile moment frames.
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Figure 6.9: −cdur values for all the analyzed structures plotted against their (a) funda-
mental elastic modal period, (b) ductility, (c) number of stories, and (d) ultimate roof drift
ratio. −cdur is plotted instead of cdur since the coefficient is generally negative. The trend

lines are fit only to the reinforced concrete ductile moment frames.
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increasing trend of −cdur with respect to RDRult and ductility, which could be at-
tributed to previous observations by Chapter 2/Chandramohan et al. (2016b) and
Raghunandan and Liel (2013) that a larger effect of ground motion duration is ob-
served in ductile structures. A more plausible explanation for this trend, however, is
the negative correlation of RDRult and ductility with T1, and long period structures
undergoing fewer inelastic excursions under long duration ground motions, thereby
dissipating lesser hysteretic energy compared to shorter period structures. Since the
cyclic deterioration of structural strength and stiffness is commonly modeled as a
function of the cumulative hysteretic energy dissipated (Ibarra et al. 2005), long pe-
riod structures are less influenced by ground motion duration, as evidenced by their
smaller −cdur values. Hence, T1 is chosen as the preferred predictor for the cdur val-
ues of RC ductile MFs as well, and the following predictive equation is proposed for
structures that fall within the range 0.4 s ≤ T1 ≤ 2.6 s:

cdur = −0.21 + 0.058 lnT1 (6.7)

The rate of cyclic deterioration of structural strength and stiffness is expected to be
a good predictor of cdur (Bommer et al. 2004; Raghunandan and Liel 2013; Chap-
ter 2/Chandramohan et al. 2016b; Marafi et al. 2016); however, quantifying this
characteristic for a multiple degree of freedom structure is not straightforward. This
feature could potentially be quantified by conducting a cyclic pushover analysis, but
difficulties related to the folding-over of stories due to the concentration of inelas-
tic deformations were experienced by conducting a load-controlled pushover analysis.
Conducting a displacement-controlled cyclic pushover analysis was considered as a
potential solution to this problem, but was found to be infeasible due to the man-
ner in which kinematic constraints were employed in creating the structural models.
Hence, this option was not explored further in this study, but could be developed in
the future, as a means to predict cdur in conjunction with T1. For RC ductile MFs,
considering the larger scatter in the predictive equation of cdur compared to css, the
use of Method 2 is likely to produce significantly more accurate results compared to
Method 3, as observed for the eight-story RC MF example.



CHAPTER 6. DURATION IN ASSESSMENT AND DESIGN 212

Another important observation from the plots in Figures 6.8 and 6.9 is that the
steel structures generally do not follow the trends fit to the data from the RC ductile
MFs. The steel BRBFs, for instance, can be seen in Figure 6.9 to have comparatively
low −cdur values, indicating that their collapse response is influenced by ground mo-
tion duration to a lesser extent than the RC ductile MFs. This result is expected
since the strength and stiffness of buckling-restrained braces do not degrade signifi-
cantly under cyclic loading (Black et al. 2004). The steel SCBFs, on the other hand,
are influenced by ground motion duration to a greater extent than the steel BRBFs
since regular braces are prone to buckling and eventual fracture under cyclic loading
(Uriz and Mahin 2008). In general, structures of different materials and lateral force-
resisting systems, with components that exhibit different hysteretic behaviors, can
be expected to be influenced to different extents by ground motion response spectral
shape and duration. This indicates that equations developed to predict css and cdur
by analyzing structures of a specific material and lateral force-resisting system, will
generally be applicable only to that specific class of structures. Therefore, the rela-
tions developed by FEMA (2009b) (§ B.3.3) and Haselton et al. (2011a) for example,
which are based largely on the results of collapse analyses conducted on ductile and
non-ductile RC MFs, are expected to be applicable only to RC MFs. The relation
from FEMA (2009b) (§ B.3.3) though, could also potentially be applied to wood
frame buildings, since they were also used in its development. This, however, poses
a problem since Methods 2 and 3 are often employed to analyze archetypes of a new
structural system being proposed for inclusion in the building design code, for which
predictive equations for css and cdur have not yet been developed. Once the process of
calibrating css and cdur values for RC ductile MFs conducted in this study is repeated
for other materials and structural systems, however, the relations corresponding to
the structural system whose dynamic response is expected to most closely resemble
that of the structural system under consideration, could be used. If reliable predictive
equations for css and cdur are not available, use of Method 1 should be favored over
Methods 2 and 3.
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6.7 The ASCE 7-16 seismic design provisions

ASCE 7-16 (ASCE 2016) defines analysis procedures and acceptance criteria to be
employed in the design of buildings to resist seismic loads. Buildings designed to sat-
isfy the prescribed acceptance criteria when analyzed using the defined procedures,
are expected to meet certain implicit minimum performance targets under seismic
loading. This implicit performance goal is quantified in terms of the maximum proba-
bility of observing total or partial structural collapse when subjected to an earthquake
ground motion of intensity corresponding to the risk-targeted maximum considered
earthquake (MCER) at the site. For structures classified under Risk Categories I
and II, the probability of collapse under the MCER level ground motion is limited to
10% (FEMA 2015, § 1.1.1; ASCE 2016, Table C1.3.1b). The interaction of ground
motion response spectral shape and duration with this implicit performance target is
investigated using the eight-story reinforced concrete moment frame building as an
example. Since the structure was designed as per the 2012 IBC (ICC 2012), which in
turn references ASCE 7-10 (ASCE 2010), it is expected to possess the level of seismic
performance guaranteed by ASCE 7-10. The performance targets stated in ASCE
7-10 are similar to those of ASCE 7-16, described above.

The structure was first analyzed by conducting full IDA using the records from the
short duration FEMA P695 far-field set and the spectrally equivalent long duration
set, described previously in § 6.6.2. The near-zero ε-values of the records in the short
duration set at periods longer than about 1.5 s (FEMA 2009b, § B.3.1) indicate that
their response spectra resemble the UHS at these periods. The lognormal collapse
fragility curves fit to the collapse intensities of the records in the two sets are plot-
ted in Figure 6.10 using dashed lines. The lognormal standard deviations of these
fragility curves account only for the uncertainty in the ground motion characteristics,
also known as record-to-record (RTR) uncertainty. Fragility curves that account for
the uncertainty in the model characteristics, in addition to RTR uncertainty, are es-
timated using the same medians as the original fragility curves, µshort and µlong, in
conjunction with an inflated lognormal standard deviation, β, of 0.6 (FEMA 2015,
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Figure 6.10: Collapse fragility curves of the eight-story reinforced concrete moment frame
building estimated by conducting IDA using the short and long duration record sets de-
scribed in § 6.6.2. The dashed fragility curves are estimated directly from the IDA results
and incorporate RTR uncertainty only. The solid fragility curves are computed using the
estimated medians and a lognormal standard deviation, β, of 0.6; they incorporate RTR

and model uncertainties.

§ C16.4.1.1; ASCE 2016, § 21.2.1.2). These fragility curves are also plotted in Fig-
ure 6.10 using solid lines. Probabilities of collapse of 22% and 52% are inferred
from the short and long duration fragility curves respectively, at Sa(1.76 s) = 0.45 g:
the MCER ground motion intensity at the site in Seattle the structure was designed
for. Since the records in the two sets have equivalent response spectra, the 2.4 times
larger probability of observing structural collapse under long duration ground mo-
tions at the MCER level, when compare to the short duration ground motions, can
be attributed to the difference in their durations. These values cannot, however, be
directly compared to the implicit performance target of ASCE 7-16 since the response
spectral shapes and durations of the ground motions used to analyze the structure
do not correspond to those of the ground motions anticipated at the site in Seattle
the structure was designed to be located in.

To demonstrate the influence of response spectral shape on the collapse probability
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at the MCER level, these collapse probabilities are compared to those computed using
two new short and long duration record sets, selected to match the CMS as per the
recommendations of ASCE (2016) (§ 16.2.1.2). 44 records were selected in each
of these record sets, to match the CMS conditional on the MCER intensity level,
computed using a conditioning period of 1.76 s: the fundamental elastic modal period
of the structure. The ground motions in the short duration set were selected from the
subset of records in the PEER NGA-West2 database with Ds5−75 < 25 s. The ground
motions in the long duration set were selected from among records in the PEER NGA-
West2 database and others recorded from large magnitude earthquakes like the 2010
Maule (Chile) and 2011 Tohoku (Japan) earthquakes, with Ds5−75 > 25 s. Ds5−75 =

25 s was previously shown to represent an appropriate threshold to distinguish long
from short duration records by Chapter 2/Chandramohan et al. (2016b). An upper
limit of 5.0 was imposed on the factor used to scale individual records during the
selection process. The response spectra of the records in the two sets are plotted in
Figure 6.11, and the distribution of their durations are compared in Figure 6.12. The
geometric mean Ds5−75 values of the records in the short and long duration sets are
8.1 s and 46.9 s respectively, which are close to 5.4 s and 44.3 s: the geometric mean
Ds5−75 values of the short and long duration record sets from § 6.6.2.

The collapse fragility curves estimated by conducting full IDA on the reinforced
concrete frame model using each of the two record sets are plotted in Figure 6.13.
As before, the fragility curves in Figure 6.13a are fit directly to the ground motion
collapse intensities and incorporate RTR uncertainty only. Although the records in
the two sets were selected to match the site-specific CMS, accurate estimation of the
hazard-consistent median collapse capacity requires the CMS to have been computed
conditional on the median collapse intensity level. Since the CMS was computed
conditional on the MCER level instead, this necessitated small adjustments to the
median collapse capacities, µshort and µlong, using factors kshortss = 1.04 and klongss =

1.06, computed using Equation (6.4). Fragility curves constructed using the adjusted
medians, kshortss µshort and klongss µlong, along with a β of 0.6 to approximately account
for both RTR and model uncertainties, are plotted using yellow and orange lines
respectively in Figure 6.13b. The probability of collapse at the MCER level inferred
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Figure 6.11: Response spectra of the 44 ground motions in the (a) short and (b) long
duration record sets, selected to match the CMS conditional on the MCER ground motion

intensity level at Seattle.
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Figure 6.12: Histograms of the Ds5−75 values of the ground motions in the short and long
duration record sets selected to match the CMS conditional on the MCER ground motion

intensity level at Seattle.

from these short and long duration fragility curves are 10% and 31% respectively,
which are significantly lower than the 22% and 52% values previously computed
using the short and long duration record sets from § 6.6.2. Since the geometric mean
durations of the two short duration record sets and the two long duration record sets
are close to each other, this reduction in the collapse probabilities can be attributed
primarily to the difference in their response spectral shapes. The lower collapse
probabilities under records with response spectral shapes that resemble the CMS,
compared to those that resemble the UHS, highlight the conservative nature of the
UHS, as previously indicated by studies like Reiter (1990), Naeim and Lew (1995),
and Bommer et al. (2000). This effect of response spectral shape on the probability of
collapse at the MCER level highlights the need to explicitly consider it in structural
design.

The hazard-consistent median collapse capacity, further adjusted for the effect of
duration, was computed by linear interpolation between kshortss µshort and klongss µlong,
based on the conditional median Ds5−75 target at the site: 17.3 s, and the geometric
mean Ds5−75 values of the records in the short and long duration sets: 8.1 s and 46.9 s
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Figure 6.13: Collapse fragility curves of the eight-story reinforced concrete moment frame
building estimated by conducting IDA using the short and long duration record sets selected
to match the CMS. The fragility curves in (a) are estimated directly from the IDA results
and incorporate RTR uncertainty only. The yellow and orange fragility curves in (b) are
constructed using median values adjusted slightly for the effect of response spectral shape,
and a lognormal standard deviation, β, of 0.6; they incorporate RTR and model uncertain-
ties. The red hazard-consistent fragility curve in (b) is constructed using the median value

adjusted for the effect of duration as well, and a β of 0.6.
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respectively. The hazard-consistent collapse fragility curve computed using this me-
dian value and a β of 0.6, is plotted in Figure 6.13b using a red line. This fragility
curve indicates a hazard-consistent collapse probability of 17% at the MCER level,
which lies in between the 10% and 31% values indicated by the short and long dura-
tion fragility curves respectively. Therefore, if the structure were to experience only
short duration ground motions of Ds5−75 ∼ 8.1 s, it would portend a 10% probability
of collapse at the MCER level, which exactly corresponds to ASCE 7-16’s implicit
performance target. On the other hand, if it were to experience only long duration
ground motions of Ds5−75 ∼ 46.9 s, the expected probability of collapse would be as
high as 31%, which is more than three times ASCE 7-16’s performance goal, and
about 1.6 times the maximum limit of 20% prescribed by FEMA (2009b) (§ 7.1.2).
This latter scenario could be considered representative of structures designed at sites
with relatively long Ds targets, like Seattle, Portland, and Eugene. Structures at
these sites are expected to possess larger collapse probabilities at the MCER level,
on average, than intended by ASCE 7-16. The magnitude of its observed influence
on the collapse probability at the MCER level, therefore, highlights the need to ex-
plicitly consider ground motion duration, in addition to response spectral shape, in
code-based structural design guidelines.

6.7.1 The equivalent lateral force procedure

The equivalent lateral force (ELF) procedure (ASCE 2016, § 12.8) is more frequently
employed in structural design practice than any of the other available options, like
response spectrum analysis and response history analysis, due to its relative simplicity.
It first requires the computation of the site-specific design response spectral ordinate
at the fundamental elastic modal period of the structure, as two-thirds the MCER

ordinate ASCE (2016) (§ 11.4). The seismic response coefficient, Cs, is computed by
dividing the design response spectral ordinate by a structural system-specific response
modification factor, or R-factor (ASCE 2016, Table 12.2-1), assuming an importance
factor of 1. The design base shear is computed as Cs times the effective seismic
weight of the structure, and is distributed over the height of the structure as per
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ASCE (2016) (§ 12.8.3). The deformation demands computed from a linear static
analysis are then used to evaluate the acceptance criteria in ASCE (2016) (§ 12.12).
In the entire procedure, site-specific seismic hazard is quantified only in terms of
the MCER response spectral ordinate, which is a measure of the intensity of ground
motion anticipated at the site. Hence, neither the response spectral shapes nor the
durations of the anticipated ground motions are accounted for.

ASCE 7-16’s implicit performance objective, as stated in FEMA (2015) (§ 1.1.1)
and ASCE (2016) (Table C1.3.1b), is to limit the probability of collapse under the
MCER level ground motion to 10% for Risk Category I and II structures. Since
this exact value is less important for our current purposes, let us assume that ASCE
7-16’s objective is to achieve an x% collapse probability at the MCER level. As
demonstrated previously using the eight-story reinforced concrete frame as an exam-
ple, however, a ground motion’s intensity is not its only characteristic that determines
its collapse potential. Its collapse potential is also influenced by its response spectral
shape and duration. Among records scaled to the same intensity level, as usually
quantified by Sa(T1), the ones with lower SaRatio values and longer Ds values are
more likely to cause structural collapse (Chapter 5). This suggests that the statement
of ASCE 7-16’s performance objective is incomplete. It requires the additional defi-
nition of the response spectral shape and duration of the ground motion, which when
scaled to the MCER intensity level, will possess an x% probability of causing struc-
tural collapse. Let this reference response spectral shape and duration be denoted by
SaRatio

ref and Dsref respectively. In this study, SaRatioref and Dsref are taken to
be the median SaRatio and Ds targets at Los Angeles, conditional on the exceedance
of the ground motion intensity corresponding to the 2.2 × MCER. The choice of
Los Angeles as the reference site was motivated by the historical emphasis on sites
in coastal California with high population densities when calibrating building design
codes, which suggests that ASCE 7-16’s implicit performance objective is potentially
likely to be valid here. The impact of choosing San Francisco as the reference site
instead of Los Angeles is also evaluated. As noted previously, the reason for choosing
the 2.2 ×MCER intensity level to compute the targets is that it approximately cor-
responds to the median collapse capacity of new structural designs, assuming x = 10
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and β = 0.6. This factor of 2.2 can be appropriately modified for use with other
values of x or β.

Now consider a hypothetical site—say site X—with the same MCER response
spectral ordinates as Los Angeles, but a lower conditional median SaRatio target
and/or a longer conditional median Ds target. As per the current design provisions,
the same structural design would be permissible at both Los Angeles and site X,
on account of their similar MCER ordinates. As observed in the case of the eight-
story reinforced concrete frame example, however, the structure located at site X is
expected to have a probability of collapse greater than x% at the MCER level because
it is likely to experience ground motions with more damaging response spectral shapes
and/or longer durations. This calls for designing the structure at site X to a larger
base shear, to ensure it also has a x% probability of collapse at the MCER level. Now
consider two structures with similar fundamental periods, but different structural
systems—say structures A and B—located adjacent to each other at site X. Let
us assume structure A is influenced by response spectral shape and duration to a
larger extent than structure B, because it is more ductile and it deteriorates more
rapidly under cyclic loading (Haselton et al. 2011a; Raghunandan and Liel 2013;
Chapter 2/Chandramohan et al. 2016b). Although both structures are likely to
experience similar ground motions, structure A is expected to have a larger probability
of collapse at the MCER level. This calls for designing structure A to a larger base
shear than structure B, to ensure they both have similar collapse probabilities. Hence,
to maintain a more uniform risk of structural collapse over different geographical
locations and across different structural systems, a site and structural system-specific
adjustment to the design base shear is proposed. The objective of this adjustment is
in line with the objective of developing risk-targeted seismic design maps (Luco et al.
2007).

It is proposed that the computation of the design base shear, V , using ASCE
(2016) (Equation (12.8-1)), be modified to include adjustment factors for the effects
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of response spectral shape and duration: k′ss and k′dur, as follows:

V = k′ssk
′
durCsW (6.8a)

k′ss =

(
SaRatio

ref

SaRatiotarget

)css
(6.8b)

k′dur =

(
Dsref

Dstarget

)cdur
(6.8c)

In these equations,W denotes the effective seismic weight of the structure. SaRatiotarget

and Dstarget are site-specific parameters that represent the median SaRatio and Ds
targets, conditional on the exceedance of the ground motion intensity corresponding
to 2.2 ×MCER. css and cdur are structural system-specific coefficients that quantify
the sensitivity of a structure to the effects of response spectral shape and duration
respectively, as described previously in § 6.6.2.

The following is the basis for developing these equations. Consider a generic newly
designed structure located at a generic site. As per the modified performance objec-
tive of ASCE 7-16, the structure is expected to possess an x% probability of collapse
at the site-specific MCER level, under ground motions that possess the reference re-
sponse spectral shape and duration: SaRatio

ref and Dsref respectively. Let µref

represent the median collapse capacity of the structure under these reference ground
motions. µref is linearly proportional to MCER for a given value of x and β, e.g., if
x = 10 and β = 0.6, µref = 2.2×MCER. Now, since the response spectral shapes and
durations of the ground motions anticipated at the site: SaRatiotarget andDstarget, are
likely different from SaRatio

ref and Dsref , the median collapse capacity is expected
to shift to (1/k′ss) (1/k′dur)µ

ref (compare Equations (6.8b) and (6.8c) to Equations (6.4)
and (6.5a)). Assuming the β of the collapse fragility curve remains unchanged as its
median shifts, the ground motion intensity level corresponding to an x% probability
of collapse also shifts to (1/k′ss) (1/k′dur)MCER. It is, however, desirable to design the
structure so as to have a median collapse capacity µref and a x% probability of col-
lapse at the MCER level, despite the deviation in the site-specific response spectral
shape and duration targets from the reference values. This can be achieved by design-
ing the structure to a base shear modified by the factor k′ssk′dur, which is equivalent



CHAPTER 6. DURATION IN ASSESSMENT AND DESIGN 223

to designing the structure to the following modified MCER value: k′ssk′durMCER. The
derivation of the adjustment factors implicitly assumes that the acceptance criteria
enforced on analyses conducted using lateral loads corresponding to a certain MCER

level are calibrated such that structures designed to satisfy them will possess an x%
probability of collapse at that MCER level on average, under ground motions with
certain reference response spectral shapes and durations. This assumption is based on
the fact that the peak story drift ratios, on which the acceptance criteria are based,
are proportional to the applied lateral loads, which are in turn proportional to the
MCER level. This assumption is also considered to be valid in an average sense since
it can be directly inferred from ASCE 7-16’s implicit performance objective.

Median SaRatio and Ds targets computed at different sites in Western USA,
conditional on the 2.2 × MCER ground motion intensity level at different periods,
are tabulated in Table 6.2. The targets were computed using the procedure de-
scribed in § 6.6.1, except the contribution of in-slab earthquakes was explicitly con-
sidered using the Abrahamson et al. (2016) GMPE, in computing the SaRatio targets.
Vs30 = 760 m/s was assumed at all sites. Corresponding response spectral shape and
duration adjustment factors: k′ss and k′dur, for RC ductile MFs, using Los Angeles as
the reference site, are also included in Table 6.2. The css and cdur coefficients used
to calculate the adjustment factors were computed using Equations (6.6) and (6.7)
respectively. Extrapolation of these equations beyond their limits of validity was
necessary for conditioning periods of 0.2 s and 4.0 s. Maps of k′ss and k′dur values
computed at different sites in Western USA using Los Angeles as the reference site,
for conditioning periods 0.2 s and 1.0 s, are plotted in Figure 6.14. These values were
computed based on targets conditional on the exceedance of the 0.5% in 50 year
ground motion, and the contribution of in-slab earthquakes was not considered in the
computation of the SaRatio targets. Hence, they may differ slightly from the values
tabulated in Table 6.2.

Eugene is seen to have consistently high k′dur values at all conditioning periods
due to a relatively large contribution to its seismic hazard from MW ∼ 9.0 interface
earthquakes in the Cascadia subduction zone. Other sites along the US Pacific North-
west coast are similarly observed to have high k′dur values. k′ss values, on the other
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Table 6.2: Median SaRatio and Ds targets conditional on the exceedance of the
2.2 ×MCER ground motion intensity level at different periods, assuming Vs30 = 760 m/s;
and corresponding k′ss and k′dur adjustment factors for RC ductile MFs computed at dif-
ferent sites in Western USA using Los Angeles as the reference site. SaRatio targets at
all conditioning periods are computed using the period range 0.2T to 3.0T , except for the

conditioning period of 4.0 s, in which case the period range 0.8 s to 10.0 s is used.

(a) Eugene

Conditioning
period (s)

Median target
SaRatio

k′ss
Median target
Ds5−75 (s) k′dur k′ssk

′
dur

0.2 1.66 1.13 21.5 1.91 2.16
0.5 1.97 1.04 23.4 1.65 1.72
1.0 2.16 1.11 29.4 1.50 1.67
2.0 2.12 1.10 34.7 1.37 1.50
4.0 1.91 0.97 40.5 1.24 1.19

(b) Seattle

Conditioning
period (s)

Median target
SaRatio

k′ss
Median target
Ds5−75 (s) k′dur k′ssk

′
dur

0.2 1.71 1.09 3.6 1.10 1.20
0.5 1.89 1.09 4.6 1.10 1.20
1.0 2.20 1.09 9.6 1.18 1.29
2.0 2.25 1.04 19.5 1.24 1.29
4.0 1.90 0.97 21.3 1.14 1.10

(c) Portland

Conditioning
period (s)

Median target
SaRatio

k′ss
Median target
Ds5−75 (s) k′dur k′ssk

′
dur

0.2 1.61 1.17 4.8 1.20 1.40
0.5 1.80 1.15 5.3 1.14 1.31
1.0 2.16 1.11 11.2 1.23 1.36
2.0 2.20 1.06 21.9 1.27 1.35
4.0 1.92 0.96 28.9 1.18 1.14
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(d) San Francisco

Conditioning
period (s)

Median target
SaRatio

k′ss
Median target
Ds5−75 (s) k′dur k′ssk

′
dur

0.2 1.80 1.02 4.4 1.16 1.19
0.5 2.05 1.00 6.7 1.20 1.21
1.0 2.02 1.19 10.2 1.20 1.43
2.0 1.91 1.20 13.0 1.16 1.40
4.0 1.66 1.08 15.5 1.09 1.18

(e) Berkeley

Conditioning
period (s)

Median target
SaRatio

k′ss
Median target
Ds5−75 (s) k′dur k′ssk

′
dur

0.2 1.77 1.05 3.0 1.03 1.08
0.5 2.02 1.02 3.5 1.03 1.05
1.0 2.38 1.01 4.9 1.03 1.04
2.0 2.34 1.00 6.1 1.02 1.02
4.0 1.82 1.00 8.3 1.00 1.01

(f) Los Angeles

Conditioning
period (s)

Median target
SaRatio

k′ss
Median target
Ds5−75 (s) k′dur k′ssk

′
dur

0.2 1.84 1.00 2.7 1.00 1.00
0.5 2.06 1.00 3.2 1.00 1.00
1.0 2.40 1.00 4.3 1.00 1.00
2.0 2.34 1.00 5.4 1.00 1.00
4.0 1.83 1.00 8.0 1.00 1.00
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Figure 6.14: k′ss values at periods (a) 0.2 s and (b) 1.0 s, and k′dur values at periods (c)
0.2 s and (d) 1.0 s for RC ductile MFs based on Los Angeles as the reference site, computed
using SaRatio and Ds targets conditional on the exceedance of the 0.5% in 50 year ground

motion intensity level, assuming Vs30 = 760 m/s.
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hand, are seen to be high along active crustal faults for reasons described previously
in § 6.6.1. k′dur values at San Francisco are comparable to both Seattle and Portland,
since although San Francisco receives almost no contribution to its seismic hazard
from MW ∼ 9.0 interface earthquakes, it is susceptible to earthquakes of MW ∼ 8.0

and above on the San Andreas fault. Seattle and Portland, on the other hand, have
lower k′dur values than Eugene, since lower magnitude earthquakes on nearby crustal
faults contribute to their seismic hazard in addition to large magnitude interface
earthquakes. Their k′dur values are especially small at short conditioning periods
since the contribution of crustal earthquakes dominates at these periods. k′ss and
k′dur values at Berkeley are small at all conditioning periods since its SaRatio and Ds
targets are almost similar to the targets at Los Angeles, the reference site, on account
of the similarity in their tectonic settings.

As an example, to ensure that a 1 s structure in Eugene has a probability of collapse
close to x% at the MCER level, considering both the response spectral shapes and
durations of the ground motions anticipated at the site, it will need to be designed
to a base shear 67% higher than the value computed using ASCE (2016) (Equation
(12.8-1)). A 0.2 s structure in Eugene, on the other hand, will need to be designed
to a base shear more than twice as large as the value computed using ASCE (2016)
(Equation (12.8-1)). At both periods, the effect of duration dominates the effect
of response spectral shape, as indicated by the relative magnitudes of k′ss and k′dur.
Similarly, a 1 s structure in San Francisco needs to be designed to a base shear that is
43% higher. The effects of response spectral shape and duration are approximately
similar in this case. As previously mentioned in § 6.6.1, however, it is important to
consider the possible effect of using the Abrahamson et al. (2016) model to predict
response spectra for interface earthquakes although it is not used in the deaggregation
calculations, and the conservative nature of the Abrahamson and Silva (1996) model
used to predict duration from all earthquakes, when interpreting the presented results.

The computed k′ss and k′dur factors are significantly influenced by the chosen
SaRatio

ref and Dsref values, or alternatively, the site whose conditional median re-
sponse spectral shape and duration targets are used to represent these values. To
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demonstrate the potential impact of the choice of reference site, k′ss and k′dur com-
puted using San Francisco as the reference site instead of Los Angeles are summarized
in Table 6.3 and Figure 6.15. The relatively lower conditional median SaRatio tar-
gets and longer Ds targets at San Francisco result in significantly smaller k′ss and k′dur
factors at all sites and conditioning periods, when compared to those summarized in
Table 6.2 and Figure 6.14. Although the sheer length of the duration targets at Eu-
gene ensure structures located there still need to be designed to increased base shears,
the k′ssk′dur factors are seen to be lesser than 1 for a number of other sites, indicating
that structures at these sites can be designed to lower base shears. A 1 s structure in
Berkeley, for instance, could be designed to a base shear that is 27% lower than the
value computed using ASCE (2016) (Equation (12.8-1)). It is worth noting that the
median Ds5−75 targets at Los Angeles are close to the geometric mean Ds5−75 values
of the records in benchmark sets like the FEMA P695 far-field set: 5.4 s, and PEER
Transportation set 2 (Baker et al. 2011): 5.6 s. It was observed in Chapter 4/Chan-
dramohan et al. (2016a), however, that the Ds5−75 values of intense records in the
PEER NGA-West2 database closely match the conditional median Ds5−75 targets at
San Francisco. Hence, the choice of a reference site is not immediately apparent and
additional studies are required to determine the SaRatioref and Dsref values that
best reflect ASCE 7-16’s implicit performance objective. While various combinations
of SaRatioref and Dsref are likely to be able to produce an x% probability of collapse
at the MCER level on average, careful judgment needs to be exercised in choosing an
appropriate combination to compute the k′ss and k′dur factors.

One possible simplification of the proposed procedure is to consider only the ge-
ographical variation in the SaRatio and Ds targets, and to use average css and cdur
factors that are considered representative of most commonly used structural systems.
In this case, the k′ss and k′dur factors could be incorporated directly into the com-
putation of the MCER value at a site, allowing the continued use of ASCE (2016)
(Equation (12.8-1)), with the k′ss and k′dur factors being implicitly accounted for in
the computation of Cs using the modified MCER values. The proposal to account
for the effect of duration by modifying the design ground motion intensity concurs
with recommendations made previously by Raghunandan (2013) (p. 133) and Liel
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Table 6.3: Median SaRatio and Ds targets conditional on the exceedance of the 2.2 ×
MCER ground motion intensity level at different periods, assuming Vs30 = 760 m/s; and
corresponding k′ss and k′dur adjustment factors for RC ductile MFs computed at different
sites in Western USA using San Francisco as the reference site. SaRatio targets at all
conditioning periods are computed using the period range 0.2T to 3.0T , except for the

conditioning period of 4.0 s, in which case the period range 0.8 s to 10.0 s is used.

(a) Eugene

Conditioning
period (s)

Median target
SaRatio

k′ss
Median target
Ds5−75 (s) k′dur k′ssk

′
dur

0.2 1.66 1.11 21.5 1.64 1.81
0.5 1.97 1.04 23.4 1.37 1.43
1.0 2.16 0.94 29.4 1.25 1.17
2.0 2.12 0.91 34.7 1.18 1.08
4.0 1.91 0.89 40.5 1.13 1.01

(b) Seattle

Conditioning
period (s)

Median target
SaRatio

k′ss
Median target
Ds5−75 (s) k′dur k′ssk

′
dur

0.2 1.71 1.07 3.6 0.94 1.01
0.5 1.89 1.09 4.6 0.91 0.99
1.0 2.20 0.92 9.6 0.99 0.91
2.0 2.25 0.86 19.5 1.07 0.92
4.0 1.90 0.90 21.3 1.04 0.94

(c) Portland

Conditioning
period (s)

Median target
SaRatio

k′ss
Median target
Ds5−75 (s) k′dur k′ssk

′
dur

0.2 1.61 1.15 4.8 1.03 1.18
0.5 1.80 1.15 5.3 0.94 1.08
1.0 2.16 0.93 11.2 1.02 0.95
2.0 2.20 0.88 21.9 1.09 0.96
4.0 1.92 0.89 28.9 1.08 0.96
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(d) San Francisco

Conditioning
period (s)

Median target
SaRatio

k′ss
Median target
Ds5−75 (s) k′dur k′ssk

′
dur

0.2 1.80 1.00 4.4 1.00 1.00
0.5 2.05 1.00 6.7 1.00 1.00
1.0 2.02 1.00 10.2 1.00 1.00
2.0 1.91 1.00 13.0 1.00 1.00
4.0 1.66 1.00 15.5 1.00 1.00

(e) Berkeley

Conditioning
period (s)

Median target
SaRatio

k′ss
Median target
Ds5−75 (s) k′dur k′ssk

′
dur

0.2 1.77 1.02 3.0 0.89 0.91
0.5 2.02 1.02 3.5 0.85 0.87
1.0 2.38 0.85 4.9 0.86 0.73
2.0 2.34 0.83 6.1 0.88 0.73
4.0 1.82 0.93 8.3 0.92 0.86

(f) Los Angeles

Conditioning
period (s)

Median target
SaRatio

k′ss
Median target
Ds5−75 (s) k′dur k′ssk

′
dur

0.2 1.84 0.98 2.7 0.86 0.84
0.5 2.06 1.00 3.2 0.83 0.83
1.0 2.40 0.84 4.3 0.83 0.70
2.0 2.34 0.83 5.4 0.86 0.72
4.0 1.83 0.93 8.0 0.92 0.85
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Figure 6.15: k′ss values at periods (a) 0.2 s and (b) 1.0 s, and k′dur values at periods (c)
0.2 s and (d) 1.0 s for RC ductile MFs based on San Francisco as the reference site, computed
using SaRatio and Ds targets conditional on the exceedance of the 0.5% in 50 year ground

motion intensity level, assuming Vs30 = 760 m/s.
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et al. (2015). Liel et al. (2015) proposed a method to incorporate the effect of ground
motion duration in the computation of risk-targeted MCER values by deaggregating
the seismic hazard contributions from crustal and subduction earthquakes, and using
different fragility curves for each type of earthquake. The median collapse capacity
under subduction earthquakes was computed by increasing the median under crustal
earthquakes by constant factor. The procedure proposed in this paper, however, de-
velops a more rational and comprehensive basis for quantifying the effect of ground
motion duration on structural collapse capacity by (i) using prediction models to
quantify the durations of ground motions anticipated at a site; and (ii) adequately
controlling for the effect of response spectral shape.

An alternative approach to incorporate the effects of response spectral shape and
duration in the ELF procedure is to use the FEMA P695 methodology, incorporat-
ing the modifications proposed in § 6.6, to re-evaluate design guidelines and seismic
performance factors—R, Ω0, and Cd—for all structural systems. Studies that have
applied the original FEMA P695 methodology to existing structural systems (e.g.,
FEMA 2009b, Chapter 9; NIST 2010; Zareian et al. 2010; Hsiao et al. 2013) did
account for the effect of response spectral shape, albeit in an approximate manner
using ε. Additional studies are required to verify the adequacy of currently used
design guidelines and seismic performance factors upon accounting for the effect of
ground motion duration as well. Following this approach is likely result in the tuning
of design guidelines and seismic performance factors to provide adequate collapse re-
sistance at sites susceptible to ground motions with both damaging response spectral
shapes and long durations. This would potentially entail the revision of detailing re-
quirements, acceptance criteria, etc. to provide the cyclic fatigue resistance necessary
to withstand long duration ground motions. It is, however, open to debate whether
all structures, including those located at sites unlikely to experience long duration
ground motions should be subjected to such strict design requirements. If consid-
ered feasible, one possible solution is to develop geographical region-specific design
guidelines and seismic performance factors, as proposed previously in § 6.6.1.
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6.7.2 The nonlinear response history analysis procedure

The nonlinear response history analysis (NLRHA) procedure (ASCE 2016, Chapter
16) is frequently employed in the design of tall or important structures. It requires the
selection of at least 11 ground motions to match a target response spectrum, which
can be either the MCER spectrum: an idealized response spectrum constructed using
spectral ordinates at 0.2 s and 1.0 s (ASCE 2016, § 11.4), or a CMS. The selected
ground motions are then used to numerically simulate the dynamic response of a
nonlinear model of the structure, and the inferred force and deformation demands
are used to evaluate the acceptance criteria in ASCE (2016) (§ 16.4). It is, however,
not possible to reliably ascertain the probability of collapse at the MCER level by
analyzing the structure using just 11 ground motions, especially since model uncer-
tainty is not explicitly accounted for in the analysis. The procedure, therefore, relies
on acceptance criteria imposed on force and deformation demands inferred from the
analyses, to enforce the implicit performance target of 10% probability of collapse at
the MCER level.

The NLRHA procedure attempts to explicitly account for the response spectral
shapes of the ground motions anticipated at the site by recommending the selection
of ground motions to match the CMS, computed conditional on the MCER ground
motion intensity level. If records are, instead, selected to match the MCER spec-
trum, whose shape resembles the uniform hazard spectrum (UHS) (FEMA 2015,
§ C16.2.2), the assessment is expected to be more conservative (Reiter 1990; Naeim
and Lew 1995; Bommer et al. 2000), thereby producing a stronger structural design.
There are currently no explicit requirements to select the ground motions to match
a target duration analogous to a target response spectrum. The use of ground mo-
tions recorded from earthquakes with mechanisms and magnitudes similar to those
that control the target response spectrum at the site is recommended instead, in an
attempt to implicitly enforce the selection records of appropriate durations (ASCE
2016, § C16.2.2). Although these ground motion selection requirements are motivated
by the demonstrated influence of response spectral shape and duration on the prob-
ability of collapse at the MCER level, their utility eventually hinges on the ability
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of the employed acceptance criteria to reflect the implicit performance target. It is
worth noting that previous studies undertaken to verify the satisfaction of the implicit
performance objective using the FEMA P695 methodology have primarily focused on
just the ELF and response spectrum analysis procedures (e.g., FEMA 2009b, Chapter
9; NIST 2010; Zareian et al. 2010; Hsiao et al. 2013). The ability of the acceptance
criteria to capture the effect of duration on the probability of collapse at the MCER

level was investigated using the eight-story reinforced concrete frame.
Let us first consider the hypothetical scenario where the structure is likely to ex-

perience only short duration ground motions of Ds5−75 ∼ 8.1 s. The short duration
collapse fragility curve in Figure 6.13a indicates a near-zero probability of collapse
at the MCER level. This is well within the upper limit of 1 collapse (or unaccept-
able response as per ASCE (2016) (§ 16.4.1.1)) out of 11 permitted by the NLRHA
procedure, which corresponds to a 9% probability of collapse. It is fitting that the
acceptance criterion imposed on the number of collapses is satisfied using short du-
ration records, since the short duration fragility curve in Figure 6.13b indicates a
10% collapse probability at the MCER level, which is exactly equal to the implicit
performance target. Let us now assume the structure is likely to experience only long
duration ground motions of Ds5−75 ∼ 46.9 s. The collapse probability indicated by
the long duration fragility curve in Figure 6.13a is 20%, which is significantly larger
than the near-zero probability obtained using the short duration set. Since it is also
above the permissible limit of 9%, it indicates a failure to satisfy the acceptance
criterion imposed on the number of unacceptable responses. This again seems fit-
ting, considering the collapse probability of 31% at the MCER level indicated by the
long duration fragility curve in Figure 6.13b is much larger than the implicit perfor-
mance target of 10%. Failure to satisfy this acceptance criterion is likely to result in
the strengthening of the structural design to reduce the collapse probability at the
MCER level. This indicates that the acceptance criterion imposed on the number of
unacceptable responses, in conjunction with the requirement to use numerical models
that incorporate the deterioration in strength and stiffness of structural components
and destabilizing P −∆ effects (ASCE 2016, § 16.3), is able to capture the effect of
duration on structural collapse capacity. ASCE (2016) (§ C16.4.1.1), however, states
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that “. . . unacceptable response acceptance criteria are not the primary acceptance
criteria that ensure collapse safety of the building; the primary acceptance criteria
are the story drift criteria . . . . The unacceptable response acceptance criteria were
developed to be a secondary protection to supplement the primary criteria. . . . there is
high variability in unacceptable responses . . . the other primary acceptance criteria are
much more stable and reliable . . . .” This prompted an investigation of the influence
of ground motion duration on peak story drift ratios.

Figure 6.16 plots the arithmetic mean peak story drift ratio (SDR) over all ground
motions in each set, at different ground motion intensity values. The mean peak SDR
is computed directly at the ground motion intensity levels where none of the 44 ground
motions in each set cause structural collapse. The point at which the first collapse
is observed is indicated by a small circle in Figure 6.16. At ground motion intensity
levels where 1 to 4 out of 44 ground motions cause structural collapse, the mean
peak SDR is estimated as the maximum of 1.2 times the median, and the mean of
the values obtained from records that have not yet caused structural collapse, as
recommended in ASCE (2016) (§ 16.4). The limit of 4 collapses out of 44 ground
motions corresponds to the allowable limit of 1 collapse out of 11 ground motions
prescribed in ASCE (2016) (§ 16.4.1.1). At the intensity level where the fourth
collapse occurs, the solid line becomes flat, indicating that the acceptance criterion
related to the number of unacceptable responses is not satisfied above this intensity
level. The mean peak SDR value that would be estimated at higher intensity levels if
this acceptance criterion were ignored, is plotted using a dashed line. This dashed line
extends until the median collapse intensity, above which, the median peak SDR for a
given intensity level is undefined. The manner in which the two curves trace each other
until about Sa(1.76 s) = 0.4 g supports the conclusion of Chapter 2/Chandramohan
et al. (2016b) that the influence of ground motion duration on peak deformations is
expected to be observed only at intensities high enough to produce significant inelastic
deformations and subsequent strength and stiffness deterioration. If the acceptance
criterion related to the number of unacceptable responses is ignored, the long duration
set produces a slightly larger mean peak SDR of 0.028 at the MCER level, compared to
a mean peak SDR of 0.022 produced by the short duration set. Both mean peak SDR
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Figure 6.16: Mean peak SDR of the eight-story reinforced concrete moment frame com-
puted using the short and long duration record sets, when scaled to different Sa(1.76 s)
values. The mean peak SDR at the intensity level where the first collapse occurs is indi-
cated by a circle. Mean peak SDR is estimated above this intensity level as the maximum
of 1.2 times the median and the mean of the values obtained from records that have not
yet caused structural collapse. The solid line becomes flat at the intensity level where 4
out of the 44 ground motions cause structural collapse. The dashed line continues until the

median collapse intensity, beyond which the median peak SDR is not computable.

values are, however, well within the upper limit of 0.04 prescribed by ASCE (2016)
(§ 16.4.1.2). The primary acceptance criterion based on the peak SDR, therefore,
fails to recognize that the collapse probability of 31% at the MCER level under the
long duration ground motions significantly exceeds the 10% implicit performance
target. These results indicate that the primary acceptance criterion based on peak
SDR may not be able to reliably capture the effect of ground motion duration on
the probability of collapse at the MCER level. Although the secondary acceptance
criterion based on the number of unacceptable responses might potentially be able
to do so, this criterion is associated with a high degree of variability as indicated in
ASCE (2016) (§ C16.4.1.1) and cannot be relied upon. This inference is supported
by similar analyses conducted on the remaining 50 RC ductile MFs analyzed as part
of this study as well.
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The results of the analysis, therefore, suggest that just ensuring the selection
of records to explicitly match a site-specific median target duration is unlikely to
adequately account for the effect of duration in the NLRHA procedure. An alternative
solution is to conduct the nonlinear response history analyses at an MCER level
adjusted by the k′dur factor computed using Equation (6.8c), and described in § 6.7.1.
This recommendation again assumes that the acceptance criteria enforced on response
history analyses conducted at the MCER level are calibrated such that structures
designed to satisfy them will possess an x% probability of collapse at that MCER

level on average, under ground motions with a certain reference duration. The basis
for this assumption is the near-linear trend in mean peak SDR with ground motion
intensity observed in Figure 6.16, about until the MCER intensity level, above which
the collapse cases significantly influence the computation of mean peak SDR. This
linear trend in mean peak SDR with ground motion intensity, even when the structure
responds in the inelastic range, is commonly referred to as the Newmark rule or
the equal displacement rule (Veletsos and Newmark 1960). If the durations of the
anticipated ground motions are longer than the reference duration, k′dur would be
greater than 1, which implies that the analyses would need to be conducted at a
proportionately higher intensity level, which would in turn produce proportionately
higher mean peak SDR values. Hence, this would enable the effect of duration to be
enforced using the primary acceptance criterion based on peak SDR, without relying
on the secondary acceptance criterion based on the number of unacceptable responses.
As mentioned previously, this assumption also follows directly from the statement of
ASCE 7-16’s implicit performance objective. The small effect of duration on the mean
peak SDR at the MCER level observed in Figure 6.16 indicates that this procedure
is unlikely to result in double counting the effect of duration when the analyses are
additionally conducted using hazard-consistent ground motions. Nevertheless, the
selection of ground motions with durations comparable to the reference duration
under which ASCE 7-16’s implicit performance objective is considered to be valid,
is recommended when conducting the analyses at an intensity level corresponding to
k′dur ×MCER. Another relevant question at this juncture is whether the selection of
records to explicitly match a CMS is sufficient to adequately account for the effect
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of response spectral shape in the NLRHA procedure, or whether the MCER level
would need to be additionally adjusted by the kss factor. Answering this question,
however, would require an analogous assessment of structural response using two sets
of records with similar durations, but low and high SaRatio values. This assessment
was deemed to be beyond the scope of the present study.

Alternatively, the effect of duration could be accounted for by analyzing the struc-
ture using more than just 11 ground motions, to enable the reliable estimation of the
probability of collapse at the MCER level, as noted in ASCE (2016) (§ C16.4.1.1).
These ground motions would need to be selected to explicitly match a site-specific
target distribution of durations since recent studies like Chapter 4/Chandramohan
et al. (2016a) and Tarbali and Bradley (2016) have highlighted the drawbacks of using
causal parameters like earthquake magnitude and source-to-site distance to implicitly
quantify ground motion duration. Explicitly estimating the probability of collapse in
this manner is guaranteed to adequately account for the effect of response spectral
shape as well, if the records are selected to match the conditional spectrum (CS). It is
not sufficient to select records to match just the median targets since the objective of
the analysis not to estimate the median collapse capacity; the uncertainty in the tar-
gets, therefore, needs to be explicitly considered. The acceptance criterion related to
the number of unacceptable responses described in ASCE (2016) (§ 16.4.1.1), would
also need to be modified to account for the actual number of ground motions used in
the analysis.

6.8 Conclusion

Strategies were proposed to incorporate the effect of ground motion duration into the
FEMA P-58 seismic performance assessment methodology, the FEMA P695 method-
ology to quantify seismic performance factors, and the ASCE 7-16 seismic design
provisions. All the procedures contained in these standards that require the simula-
tion of structural response using nonlinear dynamic analysis, recommend modeling
the cyclic deterioration in strength and stiffness of the structural components and the
destabilizing P −∆ effect of gravity loads. The incorporation of these features in the
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structural model is essential to capture the effect of ground motion duration (Chap-
ter 3/Chandramohan et al. 2017). Ground motion duration was quantified using
significant duration, Ds, in all the proposed strategies. Recommendations were also
made to improve the effectiveness of some of the existing provisions in these standards
by accounting for the effect of response spectral shape using a scalar, dimensionless
metric called SaRatio.

The FEMA P-58 methodology outlines procedures to estimate both the hazard-
consistent collapse capacity of a structure and structural demands when collapse has
not occurred. It describes the use of multiple stripe analysis (MSA) and an iterative
modified version of incremental dynamic analysis (IDA) to estimate structural collapse
capacity. The effect of duration is incorporated in MSA by selecting records at each
intensity level to match not just a target conditional spectrum, but also target source-
specific conditional distributions ofDs. A simpler alternative to the iterative modified
IDA procedure is proposed, that requires full IDA to be conducted just once. The
hazard-consistent median collapse capacity is then estimated by iteratively evaluating
a regression surface fit to the collapse intensities, using site-specific median SaRatio
and Ds targets conditional on different intensity levels. Duration is considered in
time, intensity, and scenario-based assessments to estimate structural demands in a
manner similar to how it is considered when conducting MSA.

Modifications are proposed to the FEMA P695 methodology, to consider site-
specific seismic hazard information in the design of the structural archetypes. Three
methods are then proposed to adjust the median collapse capacities of the structural
archetypes estimated by conducting IDA using a generic record set, based on the
site-specific median SaRatio and Ds targets. The first and most accurate method is
analogous to the alternative IDA method proposed for incorporation in the FEMA P-
58 methodology, and requires full IDA to be conducted using short and long duration
record sets. The second method requires modified IDA to be conducted using both
short and long duration record sets. The third and least accurate method requires
modified IDA to be conducted using only the short duration set, similar to the orig-
inal methodology. The hazard-consistent median collapse capacity of an eight-story
reinforced concrete moment frame building designed for a site in Seattle is estimated
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to be 0.70 g, 0.70 g, and 0.74 g using Methods 1, 2, and 3 respectively, which agree well
with the value 0.68 g obtained by conducting MSA using hazard-consistent ground
motions. The value 1.13 g obtained using the original FEMA P695 procedure, how-
ever, is inaccurate due to both the approximate nature of the spectral shape factor
based on ε, and the absence of any correction for the effect of duration. The demon-
strated accuracy of these methods when compared to the originally proposed spectral
shape factor, largely offsets the additional effort involved in their use. The second
and third methods require the prediction of css and cdur coefficients, which quantify
the magnitude of the effects of response spectral shape and duration respectively,
on structural collapse capacity. Relations have been developed to predict these co-
efficients for reinforced concrete ductile moment frames based on their fundamental
modal periods, but similar relations could also be developed for other structural sys-
tems.

The proposed strategy to incorporate the effects of response spectral shape and
duration in the ASCE 7-16 equivalent lateral force procedure involves adjusting the
design base shear by k′ss and k′dur factors respectively. These adjustment factors are
computed using site-specific conditional median SaRatio and Ds targets and struc-
tural system-specific css and cdur coefficients. They attempt to ensure a uniform
distribution of structural collapse risk over different geographical regions and across
different structural systems. They do so by increasing the design base shear at sites
likely to experience ground motions with damaging response spectral shapes and/or
long durations, based on the amount by which the structure is expected to be in-
fluenced by the two ground motion characteristics. For example, a 1 s reinforced
concrete frame in Eugene (Oregon) needs to be designed to a base shear 67% higher
than the value computed using ASCE (2016) (Equation (12.8-1)) to ensure it satis-
fies ASCE 7-16’s implicit performance objective of a 10% collapse probability at the
MCER level. Similarly, a 1 s reinforced concrete frame in San Francisco (California)
needs to be designed to base shear that is 43% higher. The nonlinear response his-
tory analysis procedure attempts to account for the effect of response spectral shape
by recommending the selection of records to match the conditional mean spectrum.
The effect of duration, however, is unlikely to be reliably captured by just selecting
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records to match hazard-consistent target distributions of duration, since the accep-
tance criteria enforced on analyses conducted at the MCER level are not very sensitive
to ground motion duration. It is, therefore, recommended that the effect of duration
be incorporated in this procedure by conducting the analyses at an intensity level
corresponding to the MCER level adjusted by the k′dur factor.

All of the procedures described above require the computation of site-specific tar-
get distributions of ground motion duration, using equations to predict duration as
a function of causal parameters like earthquake magnitude, source-to-site distance,
and site Vs30. Existing models to predict duration (e.g., Abrahamson and Silva 1996;
Kempton and Stewart 2006; Bommer et al. 2009; Afshari and Stewart 2016) and
models for the correlation between the ε-values of duration and Sa(T ) (e.g., Bradley
2011) are valid only for crustal earthquakes. The effect of duration is, however, most
pronounced in sites located near active subduction zones, that are likely to experience
long duration ground motions from large magnitude interface earthquakes. Ground
motion duration was predicted at these sites by extrapolating Abrahamson and Silva
(1996): the most conservative of the prediction models for duration, to higher magni-
tudes that are typical of interface earthquakes. This simplification must be borne in
mind when interpreting the presented results. The magnitude of the observed influ-
ence of ground motion duration on structural collapse capacity at these sites signals
the urgent need to develop such models for interface and in-slab earthquakes.



Chapter 7

Robust and efficient estimation of

structural collapse capacity

7.1 Abstract

The explicit central difference time integration scheme is proposed as a robust and
efficient alternative to commonly used implicit schemes, like the Newmark average
acceleration scheme. Numerical non-convergence is frequently encountered when the
average acceleration scheme is used to simulate the nonlinear dynamic response of
structures under earthquake ground motions. Persistent numerical non-convergence
that cannot be resolved by strategies like using alternative solution algorithms, low-
ering the analysis time step, and trying alternative time integration schemes, is often
incorrectly interpreted as an indicator of structural collapse. This practice is shown
to result in the underestimation of the median collapse capacity of a nine-story steel
moment frame building by 10%. The robustness of the central difference scheme is
a consequence of its non-iterative nature, which makes it immune to numerical non-
convergence. The efficiency of the average acceleration scheme is hampered by the
computationally intensive strategies employed to overcome the frequent occurrences
of numerical non-convergence when estimating structural collapse capacity. Although

242
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the conditionally stable nature of the central difference scheme requires the use of rela-
tively smaller time steps, the computational cost of executing each time step is small,
which results in overall efficient runtimes. The efficiency of the central difference
scheme can be further improved by using a constant damping matrix, which permits
the dynamic tangent matrix to be factorized only once over the entire analysis. For
example, the time taken to conduct IDA on the steel moment frame in parallel on
160 processors using the average acceleration scheme was 118min, while the runtime
using the central difference scheme was just 32min. Efficient parallel algorithms were
developed to conduct multiple stripe analysis (MSA) and incremental dynamic anal-
ysis (IDA) on multi-core computers and distributed parallel clusters, to facilitate the
adoption of these computationally intensive analysis procedures in traditional design
and assessment practice. The algorithms employ dynamic load balancing schemes us-
ing a master-slave approach, which is demonstrated to significantly outperform their
corresponding naïve parallel analogues that do not employ any load balancing, when
using more than around 5 processors. They are implementable using just the basic
MPI message-passing features currently available in OpenSees.

7.2 Introduction

With the advancement in computational capabilities over the last few decades, numer-
ical simulation has evolved into a practical and useful tool for structural engineers to
study and understand the dynamic behavior of structures under earthquake ground
motions. Numerical simulations have been widely used to augment observational
and experimental studies, because of the advantages they offer in terms of economy
and efficiency. Most current structural design and assessment standards (e.g., ASCE
2013; ASCE 2016), including the modern performance-based earthquake engineering
(PBEE) paradigm (Moehle and Deierlein 2004), implicitly assume the capability to
accurately simulate the dynamic response of structures under earthquake loads. Sim-
ulating dynamic structural response involves numerically integrating the equation of
motion over the entire extent of the structure, and over the duration of transient load-
ing. The finite element method is widely used to integrate the equation over space,
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while several numerical time integration schemes have been developed to perform
the integration over time (Hughes 2000). Implicit time integration schemes, like the
Newmark average acceleration scheme (Newmark 1959), which are used almost ex-
clusively in current practice, are often observed to be unable to converge to a solution
when simulating the nonlinear response of structures under intense ground motions.
Persistent numerical non-convergence is commonly interpreted to represent structural
collapse—often incorrectly, as demonstrated in this study and others like Araki and
Hjelmstad (2000) and Haselton et al. (2009)—thereby introducing a conservative bias
in the estimated structural collapse capacity. Nevertheless, numerical issues like non-
convergence typically receive little attention compared to structural modeling and
ground motion selection considerations. This study proposes the use of the explicit
central difference time integration scheme as a robust and efficient alternative to com-
monly used implicit schemes. In a bid to facilitate the adoption of computationally
intensive analysis procedures like multiple stripe analysis (MSA) (Jalayer 2003, Chap-
ter 4) and incremental dynamic analysis (IDA) (Vamvatsikos and Cornell 2002) in
design and assessment practice, algorithms are developed to efficiently conduct them
in parallel.

The estimation of structural collapse capacity forms an integral component of
modern performance-based design and assessment methodologies (e.g., FEMA 2012b).
The calibration of modern building design codes, whose primary objective is to ensure
safety against collapse, also involves evaluating the collapse capacities of representa-
tive structural archetypes (FEMA 2009b). Prior research to improve the accuracy
of structural collapse simulations has, however, focussed primarily on (i) developing
numerical models that more faithfully simulate the inelastic response of structures
under intense ground motions (Deierlein et al. 2010); and (ii) selecting ground mo-
tions that better represent the seismic hazard at the site (NIST 2011). Although most
studies that use implicit schemes to conduct nonlinear dynamic analyses encounter
numerical non-convergence issues, research into the consequences and measures to
mitigate these issues has been limited. Studies like Vamvatsikos and Cornell (2004),
Haselton et al. (2009), Mandal et al. (2012), Eads (2013) (§ 3.4.6), Kolozvari et al.
(2015) (Appendix B), Guo et al. (2015), and Hardyniec and Charney (2015) have
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employed workarounds that involve decreasing the analysis time step, trying differ-
ent solution algorithms, increasing the convergence tolerance, etc. in an attempt to
overcome non-convergence. This approach is, however, not always successful, and is
akin to addressing the symptoms of a problem rather than the underlying causes.

Non-convergence issues are more likely to be encountered when using large, com-
plex structural models, and long duration ground motions. The gradual advancement
in computational capabilities over time is likely to prompt a shift towards bigger and
more complex structural models, and analyses involving larger numbers of ground
motions in the near future. This warrants the use of robust and efficient numerical
time integration schemes (FEMA 2009b, § 6.1.1) and analysis procedures, that lend
themselves to execution on parallel computers. The robust nature of the explicit cen-
tral difference time integration scheme makes it the preferred choice when conducting
blast and crash simulations that involve large nonlinear deformations (e.g., Lawver et
al. 2003; Dundulis et al. 2007; Danielson et al. 2008). Structural collapse simulations,
which also typically involve large nonlinear deformations, are therefore also expected
to benefit from the use of the central difference scheme, despite the longer duration
of earthquake loads compared to impulse loads like blast and crash loads. The pref-
erence of explicit over implicit schemes when simulating structural collapse is even
highlighted by FEMA P-58 (FEMA 2012b, § 6.2.1). The biggest drawback that has
limited the use of the explicit schemes in practice is their conditionally stable nature,
which imposes restrictions on (i) the analysis time step; and (ii) prevalent modeling
practices like the assignment of zero mass to certain degrees of freedom and the use of
stiff members and penalty constraints. The performance of the explicit central differ-
ence and implicit average acceleration schemes are compared in this study, in terms
of their robustness and efficiency, with special emphasis on conducting collapse anal-
yses in parallel. Comparative collapse analyses of a nine-story steel moment frame
building are used to demonstrate their advantages and disadvantages, and to quantify
the bias in the estimated collapse capacity introduced by numerical non-convergence.

The wide proliferation of parallel computers and easy access to high-performance
computing resources like NHERI DesignSafe-CI (NHERI 2016) and Amazon EC2
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(Amazon 2016) provide tremendous opportunity to improve the efficiency of a num-
ber of common structural analysis procedures by effectively harnessing their compu-
tational capabilities. Improvement in efficiency is a necessary first step before compu-
tationally intensive simulations can be adopted in mainstream structural design and
assessment practice. To this end, algorithms to efficiently estimate structural collapse
capacity by conducting MSA and IDA in parallel are developed and implemented in
OpenSees (McKenna et al. 2006). These parallel algorithms build on previous algo-
rithms proposed by Vamvatsikos (2011) and Hardyniec and Charney (2015).

7.3 Comparison of the average acceleration and

central difference schemes

Both schemes provide a means to numerically integrate the following equation of
motion over time, in order to obtain a solution in terms of the displacements u,
velocities u̇, and accelerations ü at all degrees of freedom, and the internal forces in
all elements, at each discrete time step of the analysis:

Mü+Cu̇+ f = −Mιüg (7.1)

whereM represents the mass matrix, C the viscous damping matrix, f the vector of
forces resisted by the structure, ι the influence matrix, and ug the imposed ground
acceleration (Chopra 2012, Chapter 16). Both time integration schemes are mem-
bers of the Newmark family of schemes, parameterized by the coefficients γ and β

(Newmark 1959). The average acceleration scheme is obtained using the parameter
combination γ = 1/2, β = 1/4, and the central difference scheme using γ = 1/2, β = 0

(Hughes 2000, § 9.1). This seemingly small difference in the β parameter of the two
schemes results in vast differences in their properties and characteristics described
below.
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7.3.1 Average acceleration scheme

The average acceleration scheme is considered an implicit scheme since it requires
ui+1 (the displacements at time ti+1, corresponding to the end of the current time
step) to be computed by enforcing equilibrium via Equation (7.1) at time ti+1. This
entails solving the following nonlinear matrix equation at the ith time step (Chopra
2012, § 16.3.3):

(
4

∆t2
M +

2

∆t
C

)
ui+1 = p

[
M ,C,∆t,ui, u̇i, üi, (üg)i

]
− f i+1 (7.2)

where ∆t represents the size of the analysis time step and p represents a vector
function of the parameters indicated in parentheses. The nonlinear nature of Equa-
tion (7.2) is a consequence of the nonlinear relation between f i+1 and ui+1, the two
unknowns in the equation. The Newton-Raphson algorithm (Chopra 2012, § 16.3.2)
is by far the most commonly employed algorithm to linearize and iteratively solve
Equation (7.2). The algorithm attempts to iteratively refine an initial estimate of the
solution using a tangent matrix evaluated at each iteration. Figure 7.1a demonstrates
the application of the algorithm to solve a generic scalar nonlinear equation f(x) = 0,
which is easily extended to a system of nonlinear equations like Equation (7.2). There
exist a number of situations where the algorithm could fail to converge to the in-
tended solution, as illustrated in Figures 7.1b to 7.1d. Alternative strategies like
line-search, arc-length, and quasi-Newton methods (Crisfield 1991, Chapter 9) have
been developed to help circumvent these pitfalls of the Newton-Raphson algorithm.
Nevertheless, the possibility of non-convergence or convergence to an unintended so-
lution always exists. The likelihood of encountering these problems increases with
the size and complexity of the model, which determines the number and degree of
nonlinearity of the equations that need to be simultaneously solved at each time step;
and the length of the ground motion, which determines the total number of times a
system of nonlinear equations needs to be solved. Poor conditioning of the system
of equations as the structure approaches dynamic instability and eventual collapse
could also lead to difficulties in achieving numerical convergence, although it is often
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difficult to distinguish this case from those illustrated in Figures 7.1b and 7.1c. It
is, therefore, incorrect to consider numerical non-convergence to be an indicator of
structural collapse.

Upon encountering numerical non-convergence, a series of strategies are commonly
employed to overcome it (Vamvatsikos and Cornell 2004; Haselton et al. 2009; Mandal
et al. 2012; Eads 2013, § 3.4.6; Kolozvari et al. 2015, Appendix B; Guo et al. 2015;
Hardyniec and Charney 2015). These strategies often include

(i) decreasing the analysis time step ∆t, which aids convergence by increasing the
relative contribution of the mass matrix to the dynamic tangent matrix (Bathe
1996, § 9.5.2);

(ii) using other solution algorithms like modified Newton-Raphson, Newton-Raphson
with initial stiffness, and the BFGS (Broyden-Fletcher-Goldfarb-Shanno) algo-
rithm (Dennis 1976);

(iii) re-running the analysis with a slightly perturbed ground motion scale factor;

(iv) executing a few time steps without conducting any iterations, before switching
back to an iterative solution algorithm; and

(v) increasing the convergence tolerance.

These strategies are not always successful, but are computationally intensive, and can
significantly hamper the efficiency of the analysis if invoked too frequently. Dynami-
cally varying the analysis time step also makes the duration of a simulation hard to
predict beforehand. This poses problems when simultaneously analyzing the struc-
ture under different ground motions on multiple processors, using static parallel load
balancing techniques, wherein tasks are pre-assigned to processors before job initia-
tion (Xu and Lau 1997, § 1.2). It is common practice to declare structural collapse
if all these attempts fail, even if other non-simulated collapse indicators have not
been triggered, which can lead to conservative collapse capacity estimates for reasons
described above.
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Figure 7.1: Application of the Newton-Raphson algorithm to iteratively solve a generic
scalar nonlinear equation f(x) = 0. xi refers to the estimate of the solution at the end
of the ith iteration. Depending on the initial estimate, x0, the algorithm could either (a)
successfully converge to the intended solution; (b) get stuck in an infinite loop; (c) diverge;

or (d) converge to an unintended solution.
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Despite their shortcomings with respect to numerical non-convergence, implicit
schemes like the average acceleration scheme remain popular because of their un-
conditionally stable nature, i.e., the analysis time step is limited only by accuracy
considerations, not by stability considerations. Therefore, they can be used in con-
junction with relatively large time steps (typically ∼ 10−3 s to 10−2 s depending on
the complexity of the model), with the following caveats:

(i) the time step is usually reduced upon encountering non-convergence; and

(ii) multiple systems of equations are typically solved at each time step.

Although the average acceleration scheme does not incorporate any algorithmic damp-
ing, other implicit schemes like (i) Newmark schemes with γ > 1/2 (Hughes 2000,
§ 9.1); (ii) the HHT-α (Hilber-Hughes-Tayler) scheme (Hilber et al. 1977); (iii) the
generalized-α scheme (Chung and Hulbert 1993); (iv) the Wilson-θ scheme (Wilson
1968); (v) the Houbolt scheme (Houbolt 1950); and (vi) Park’s scheme (Park 1975)
incorporate some level of algorithmic damping (Hughes 2000, § 9.3.3). Algorithmic
damping has been demonstrated to aid convergence by damping out spurious high-
frequency modes, but it still does not entirely eliminate the likelihood of encountering
non-convergence.

7.3.2 Central difference scheme

The central difference scheme is considered an explicit scheme since it computes ui+1

by enforcing equilibrium at time ti (corresponding to the beginning of the current
time step). This entails solving the following linear matrix equation at the ith time
step (Chopra 2012, § 16.3.1):

(
1

∆t2
M +

1

2∆t
C

)
ui+1 = p

[
M ,C,∆t,ui,ui−1, (üg)i

]
− f i (7.3)

The linear nature of Equation (7.3) follows from the fact that ui+1 is the only unknown
in it. Hence, it does not require iterative solution, thereby effectively side-stepping
the issue of numerical non-convergence. This feature makes it an attractive option for
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simulations that involve large nonlinear deformations, like structural collapse, crash,
and blast simulations, which would otherwise be significantly impeded by numerical
non-convergence issues using implicit schemes. It is also a popular choice in real-time
hybrid simulations since the time to execute each time step remains fairly uniform
throughout the simulation due to its non-iterative nature, thereby aiding the syn-
chronization of the analytical and physical substructures. Additionally, unlike most
implicit schemes, it does not require the tangent stiffness as input, which is difficult
to measure during a hybrid test (Mahin and Shing 1985; Takanashi and Nakashima
1987; Bonnet et al. 2008). Since the time taken to conduct a simulation is almost di-
rectly proportional to the length of the ground motion, the central difference scheme
is amenable to the simultaneous analysis of structures under different ground motions
using static parallel load balancing techniques. Explicit schemes based on finite differ-
ence formulations are also generally preferred over implicit schemes in computational
fluid dynamics simulations.

The biggest disadvantage of the central difference scheme is its conditionally stable
nature, which effectively limits the size of the time step it can be used with, to
∆tmax = Tmin/π, where Tmin refers to the shortest modal period of the structural
model. The value of ∆tmax is not influenced by the level of viscous damping present
in the structural model, unlike a number of other schemes in the Newmark family
(Bathe 1996, p. 809). This limitation precludes the presence of massless degrees of
freedom, and infinitely stiff elements and penalty constraints in the structural model,
since they would cause Tmin → 0, rendering ∆tmax too small and impractical. Hence,
use of the central difference scheme requires the explicit assignment of at least small
values of mass to all translational degrees of freedom, and moment of inertia to all
rotational degrees of freedom, when using a lumped mass matrix formulation as per
conventional practice. Although this entails some additional effort during model
creation, it allows reaping the benefits of the central difference scheme, and has even
been linked to improved convergence performance when using implicit schemes (Bathe
1996, § 9.5.2; Haselton et al. 2009). This is, however, less of a concern when using a
consistent mass matrix formulation (Hughes 2000, § 7.3.2). Even the recommendation
to avoid the use of infinitely stiff elements and penalty constraints is not unique to
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the central difference scheme, since their presence increases the condition number of
the stiffness matrix (McGuire et al. 2000, § 11.6), thereby adversely affecting the
convergence of implicit schemes as well. Tmin, and consequently ∆tmax, is generally
controlled by the lightest and/or stiffest elements in the structural model. For the type
of structural models generally used for collapse capacity estimation, ∆tmax ∼ 10−4 s.
It is worth noting that the value of Tmin could change during the course of a nonlinear
analysis. Since most civil engineering structures soften in the inelastic range, however,
Tmin could only increase during the course of the analysis. Therefore, ensuring the
satisfaction of the stability criterion based on the initial elastic Tmin is often sufficient.
Structures with stiffening elements like cables, on the other hand, require checks to
guard against the possibility of transient violations of the stability criterion (Bathe
1996, § 9.5.1).

A closer examination of Equation (7.3) reveals a number of opportunities to op-
timize the efficiency of the central difference scheme. The dynamic tangent matrix
that needs to be factorized at each time step is a linear combination ofM and C, of
which, M is usually constant and diagonal when a lumped mass matrix formulation
is used. If C is also constant, the resulting constant dynamic tangent matrix needs to
be factorized only at the first time step, and the computed factors can be used to solve
different dynamic load vectors at all subsequent time steps, resulting in large compu-
tational savings. Unfortunately, the prevalent practice of using a Rayleigh damping
matrix, computed as C = aMM +aKKcurrent, renders C non-constant. Using a con-
stant Rayleigh damping matrix, computed as C = aMM + aKKinitial, is generally
discouraged since it has been reported to produce spurious damping forces (Charney
2008). In the author’s opinion, however, our current level of understanding of the ori-
gin and nature of damping forces does not justify the need for a non-constant damping
matrix. Hence, the use of alternative constant damping matrix formulations like the
modal damping matrix (Chopra and McKenna 2016) is recommended. If C does not
depend on Kcurrent, Equation (7.3) does not require the tangent stiffness matrix to
even be assembled, which results in additional computational savings. Alternatively,
the use of a diagonal C produces a diagonal dynamic tangent stiffness matrix, whose
factorization is trivial. Finally, a substantial speedup can be obtained when solving
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Equation (7.3) in parallel using multiple processors, by a process called domain de-
composition that allows each individual processor to analyze a substructure of the
larger model. The use of a constant dynamic tangent matrix, therefore, significantly
minimizes the communication overhead between the processors, resulting in improved
parallel efficiency (Noor and Lambiotte 1979; Hajjar and Abel 1989; Chiang and Ful-
ton 1990; Sotelino 2003; Chopra 2012, § 16.3.1). This discussion demonstrates that
although the use of a shorter ∆t compared to the average acceleration scheme requires
the solution of Equation (7.3) a larger number of times for a given length of ground
motion, Equation (7.3) can be solved much more efficiently than Equation (7.2).

Hybrids of implicit and explicit schemes could also be used to exploit each of
their advantages and overcome their individual drawbacks. Spatial hybrids, popularly
known as implicit-explicit schemes, partition the model into implicit, explicit, and
interface substructures. Locally refined sections of the model are analyzed using an
implicit scheme, while the rest of the model is analyzed using an explicit scheme
(Hughes and Liu 1978; Hughes et al. 1979; Chung and Hulbert 1994) This ensures
that the time-step restriction when using the explicit scheme is not too severe. A
temporal hybrid could also be conceived, wherein an implicit scheme is used until non-
convergence is encountered, and an explicit scheme is used to tide over the portion
of the ground motion that causes non-convergence (Liang et al. 2016). These hybrid
schemes are, however, not considered in this study due to issues experienced while
attempting to implement them in OpenSees rev. 5184.

7.3.3 Steel moment frame model

A nine-story steel moment frame building, designed for a site in Seattle as part of
the SAC Steel Project (FEMA 2000), was analyzed using the average acceleration
and central difference schemes to compare their performance. A two-dimensional
centerline model of the structure was created and analyzed using OpenSees rev. 5184.
A schematic of this model is illustrated in Figure 7.2. The beams and columns were
modeled using linear elastic elements, with all the inelastic deformation concentrated
in zero-length plastic hinges located at the RBS hinges on each beam, and at the
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Figure 7.2: Schematic of the nine-story steel moment frame model.

ends of each column. The hysteretic behavior of the plastic hinges was modeled
using the bilinear Ibarra-Medina-Krawinkler hysteretic model (Ibarra et al. 2005).
This model incorporates (i) a post-capping negative stiffness branch of the backbone
curve to capture in-cycle deterioration; and (ii) an algorithm to cyclically deteriorate
both strength and stiffness based on the cumulative hysteretic energy dissipated.
The hysteretic shear behavior of the finite panel zones was modeled using a trilinear
backbone curve. The contribution of the adjacent gravity frame to the destabilizing
P −∆ effect was captured using a pin-connected leaning column. The fundamental
elastic modal period of the structure is 2.95 s.

Analyzing the model using the central difference scheme required at least a small
mass to be assigned to each translational degree of freedom, and moment of inertia
to each rotational degree of freedom. The seismic mass at each story level was pro-
portionally distributed to the beam-column joints and the leaning column based on
their respective tributary areas. The moment of inertia at a beam-column joint was
approximately estimated based on the uniform load tributary to the frame, over a
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length computed as the sum of the depth of the column and the depths of the beams
framing into the joint. The exact value of this moment of inertia is, however, not of
concern, since it is usually too small to have any significant influence on the overall
dynamic behavior of the structure. Since it is often these small moments of inertia
that control the shortest modal period of the structure, they can even be adjusted
to obtain a required ∆tmax, as long as they remain small enough to not significantly
influence global structural behavior. In cases where multiple nodes were present at a
beam-column joint, the mass and moment of inertia assigned to the joint was equally
distributed among the nodes. The shortest elastic modal period was computed to be
5.5× 10−4 s, which permitted a ∆tmax of 1.7× 10−4 s. Hence, analyses using the cen-
tral difference scheme were conducted using a ∆t of 1.5× 10−4 s. The Tcl scripts used
to create the model have been made available along with other software developed as
part of this study at the git repository linked to in § 7.6.

7.3.4 Influence of numerical non-convergence on estimated

collapse capacity

The collapse capacity of the steel moment frame building was estimated using both
time integration schemes by conducting incremental dynamic analysis (IDA) (Vam-
vatsikos and Cornell 2002) using 44 ground motions from the FEMA P695 (FEMA
2009b) far-field record set. Each ground motion was incrementally scaled to higher
intensity levels until it caused structural collapse, indicated by the exceedance of a
peak story drift ratio (SDR) of 0.10. Ground motion intensity was quantified by
the 5% damped pseudo spectral acceleration, Sa, at the fundamental elastic modal
period of the structure, T1 = 2.95 s. When using the average acceleration scheme in
conjunction with the Newton-Raphson solution algorithm, the following sequence of
attempts were made to overcome numerical non-convergence, if it was encountered
during a simulation with peak transient deformations still below the collapse thresh-
old. Alternative solution algorithms including (i) Newton-Raphson with the initial
elastic stiffness matrix; (ii) modified Newton-Raphson; (iii) Krylov subspace accel-
erated version of modified Newton-Raphson; (iv) Newton-Raphson with line-search;
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(v) Broyden; and (vi) BFGS (Broyden–Fletcher–Goldfarb–Shanno) were first tried.
The initial analysis ∆t of 5× 10−3 s was then decreased by a factor of 5, followed
by a factor of 10, and finally by a factor of 50. The previously listed solution algo-
rithms were then re-tried at 1/10th the initial ∆t. Finally, the following alternative
implicit time integration schemes were used, again at 1/10th the initial ∆t: (i) HHT-α
(Hilber-Hughes-Taylor) with α = −0.2 and then α = −0.3, to assess the benefits of
algorithmic damping; and (ii) TRBDF2 (Bank et al. 1985; Bathe 2007). If all these
attempts failed, structural collapse was assumed to have occurred at the point of
non-convergence as per conventional practice.

The collapse intensities of the ground motions, defined as the lowest Sa(2.95 s)

values they need to be scaled to, to cause structural collapse, were noted. The col-
lapse intensities computed using the average acceleration scheme were found to be
lesser than the corresponding values computed using the central difference scheme
by more than 10%, for 12 out of the 44 ground motions used in the analysis. IDA
curves that trace the peak SDR values produced by a ground motion as it is incre-
mentally scaled are plotted for 4 of these ground motions in Figure 7.3. The IDA
curves computed using the two schemes are seen to be almost exactly identical un-
til they separate at a certain intensity level. This corresponds to the intensity level
at which persistent numerical non-convergence is encountered using the average ac-
celeration scheme, prompting the premature declaration of structural collapse. The
observation that analyses conducted using the central difference scheme at and above
this intensity level do not indicate the occurrence of structural collapse, clearly high-
lights the error in interpreting persistent numerical non-convergence as an indicator
of structural collapse. Representative time histories comparing the drift ratio at the
controlling story computed using the two schemes, at one such point of separation of
the IDA curves, are plotted in Figure 7.4a. As depicted in this plot, the time histories
computed using the two schemes are generally almost identical until the point of non-
convergence, if any. In some instances, small differences are observed at large story
drift ratios, as illustrated in the section of the time histories beyond 26 s, plotted in
Figure 7.4b. One of the two schemes cannot be deemed more accurate than the other
from such comparisons, since assumptions are involved in both their formulations.
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It is a common misconception that implicit schemes are more accurate than explicit
schemes since they enforce equilibrium at the end of each time step by iteratively
minimizing the out-of-balance forces. It is worth recollecting that the enforcement
of equilibrium using the average acceleration scheme, for example, is still subject to
the assumption of a constant acceleration over the time step (Chopra 2012, § 5.4).
Although explicit schemes do not require iterative solution, they produce comparable
results in terms of accuracy, as a consequence of the small time steps they are usually
conducted with. Nevertheless, the differences introduced by these small deviations
between the collapse capacities estimated using the two schemes, are insignificant
compared to those introduced due to numerical non-convergence.

An analysis of the series of strategies employed to overcome non-convergence when
using the average acceleration scheme revealed the use of alternative solution algo-
rithms and the reduction of the analysis ∆t to be the most successful strategies.
Alternative implicit time integration schemes, even those that employed algorithmic
damping, were unable to overcome any instance of numerical non-convergence. A
more detailed analysis of the efficacy of each employed strategy is, however, not pos-
sible since they were employed in a sequential fashion, with one strategy being used
only if all the strategies employed before it failed.

The collapse intensities computed using the average acceleration scheme were
found to differ from the corresponding values computed using the central difference
scheme by less than 1%, for 29 out of the 44 ground motions. IDA curves computed
from 4 of these ground motions are plotted in Figure 7.5. These plots indicate that
similar collapse intensities are generally computed using the two schemes as long as
the average acceleration scheme does not encounter persistent non-convergence below
the collapse intensity level.

The empirical distribution of the ground motion collapse intensities computed
using each scheme and the collapse fragility curves obtained by fitting lognormal dis-
tributions to them are plotted in Figure 7.6. The conservative bias in the fragility
curve computed using the average acceleration scheme, as a consequence of incor-
rectly interpreting persistent numerical non-convergence as an indicator of structural
collapse, is evident from the plot. The median collapse capacity estimated using the
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Figure 7.3: IDA curves computed using the two schemes for 4 of the 12 ground motions
whose collapse intensity estimated using the average acceleration scheme is lesser than the
corresponding value computed using the central difference scheme by more than 10%.
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Figure 7.4: Time histories of the drift ratio at the second story computed using both
schemes under (a) the 90◦ component of the ground motion from the 1989 Loma Prieta
earthquake recorded at the Gilroy Array #3 station, scaled to Sa(2.95 s) = 0.680 g (the
solid circle indicates the point of persistent non-convergence using the average acceleration
scheme); and (b) the 180◦ component of the ground motion from the 1971 San Fernando
earthquake recorded at the Hollywood Storage Grounds, Los Angeles station, scaled to

Sa(2.95 s) = 0.564 g.
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Figure 7.5: IDA curves computed using the two schemes for 4 of the 27 ground motions
whose collapse intensity estimated using the average acceleration scheme is different from
the corresponding value computed using the central difference scheme by less than 1%.
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Figure 7.6: Collapse fragility curves of the nine-story steel moment frame building esti-
mated by conducting IDA using the average acceleration and central different time integra-

tion schemes.

average acceleration scheme is 10% lower than that estimated using the central dif-
ference scheme. These results demonstrate the superiority of the central difference
scheme with respect to accuracy in structural collapse simulation, which can be at-
tributed to its immunity against numerical non-convergence. The use of elements
like force-based fiber elements (Spacone et al. 1996), whose internal force recovery
schemes require iterative solution, however, can detract from the benefits of the cen-
tral difference scheme. Nevertheless, the use of small analysis time steps is expected
to aid in the convergence of their internal force recovery schemes.

7.3.5 Comparison of efficiency

The efficiencies of the two schemes were compared by conducting timed simulations of
the response of the steel moment frame building under the longitudinal component of
the ground motion recorded from the 1992 Landers earthquake, at the Coolwater sta-
tion. A slightly modified version of the structural model described in § 7.3.3 was used
in these analyses, since the shear formulation of the Joint2D element used to model
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Table 7.1: Summary of the time taken to simulate the response of the steel moment
frame building under the longitudinal component of the ground motion recorded from the
1992 Landers earthquake, at the Coolwater station, using the two schemes and different

permutations of Rayleigh damping matrix formulations and types of solvers.

Time integration
scheme

Rayleigh damping
matrix

Type of
solver

∆t
(10−4 s)

Runtime
(min)

Average acceleration
low scale factor
w/o convergence attempts

aMM + aKKcurrent
non-constant

Sparse 50 1.0

Average acceleration
high scale factor
w/ convergence attempts

aMM + aKKcurrent
non-constant

Sparse ≤ 50 20.9

Central difference aMM + aKKcurrent
non-constant

Sparse 1.5 15.9

Central difference aMM + aKKinitial
constant

Sparse
factor once 1.5 3.3

Central difference aMM
constant and diagonal

Diagonal
factor once 1.5 2.9

the panel zones was discovered to result in an unconventional, non-constant element
mass matrix.∗ Since this did not permit factorizing the dynamic tangent matrix only
once when using the central difference scheme as described in § 7.3.2, the shear defor-
mation of the panel zones was disabled for these analyses. This modification did not
significantly influence the Tmin value of the model, thereby permitting analysis using
the central difference scheme with the same ∆t as before: 1.5× 10−4 s. It is also not
expected to affect the conclusions of this section in any way, since the same modified
model is analyzed using both time integration schemes. The time taken to conduct
the analysis using the two schemes and different permutations of Rayleigh damping
matrix formulations and types of solvers, on an Intel Xeon E5-2640 v3 processor, is
summarized in Table 7.1.

Using the average acceleration scheme in conjunction with a typical ∆t of 5× 10−3 s,
the analysis completes in 1.0min as long as numerical non-convergence issues are not

∗Thanks to Frank McKenna for helping trace the source of the discrepancies observed when
factorizing the dynamic tangent matrix only once, to the Joint2D element.
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encountered. When the analysis is repeated by scaling the ground motion to a higher
intensity level, closer to its collapse intensity, the runtime increases to 20.9min since
encountering numerical non-convergence compels the use of computationally intensive
strategies to overcome it. For example, the Newton-Raphson with initial elastic stiff-
ness and modified Newton-Raphson solution algorithms require many more iterations
to converge to a solution at each time step compared to the full Newton-Raphson
algorithm. The reduction of the analysis ∆t also has a detrimental effect on the
efficiency of the analysis. The time taken to conduct the analysis using the cen-
tral difference scheme using a ∆t of 1.5× 10−4 s, and a Rayleigh damping matrix
computed as aMM + aKKcurrent, is 15.9min. This non-constant damping matrix,
however, for reasons described in § 7.3.2, does not permit the desirable features of the
central difference scheme to be fully exploited. By using a constant damping matrix
computed as aMM + aKKinitial, the dynamic tangent matrix needs to be factorized
only once, and the analysis runtime drops to 3.3min. The runtime using any other
constant damping matrix formulation, e.g., a modal damping matrix, is expected to
be close to 3.3min as well. If a purely mass-proportional constant diagonal damping
matrix is used instead, the runtime drops slightly to 2.9min since it permits the use
of a more efficient diagonal solver. Although purely mass-proportional damping is sel-
dom used in practice, this result equivalently applies to any other means of obtaining
a diagonal damping matrix.

In summary, the average acceleration scheme is more efficient than the central
difference scheme, as long as numerical non-convergence is not encountered. If mul-
tiple processors are used to conduct the simulation in parallel, however, the larger
speedup obtained using the central difference scheme could make it more competitive.
If non-convergence is encountered, the efficiency of the average acceleration scheme
decreases by a degree dependent on the length of the ground motion that remains to
be analyzed using relatively inefficient solution algorithms and a decreased ∆t. In this
case, non-convergence is found to render the average acceleration scheme less efficient
than the central difference scheme. The estimation of structural collapse capacity
using IDA or MSA generally requires the simulation of structural response under a
number of intense (and potentially long duration) ground motions, that are typically
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associated with a larger likelihood of causing numerical non-convergence. Hence,
the efficiency of the average acceleration scheme in conducting an entire IDA or MSA
depends on the number of the conducted simulations that encounter non-convergence.

The time taken to conduct an entire IDA using the two schemes is summarized in
Table 7.2. The IDAs were conducted using the 44 ground motions from the FEMA
P695 far-field record set, on a parallel cluster containing 160 Intel Xeon E5-2640 v3
processors. Although each simulation was run using a single processor, as many as 160
simulations were conducted simultaneously with dynamic load balancing. The reason
for conducting the IDAs on a relatively large distributed parallel cluster, rather than
a smaller multi-core computer or serially using a single processor, was to compare the
efficiency of the two schemes in conducting large-scale simulations. Simulations of this
magnitude are conducted relatively frequently in current research practice, and are
likely to become the norm in design and assessment practice as well, in the near future.
The algorithm used to conduct IDA in parallel is described in § 7.4.2, and requires a
number of analyses to be conducted near, and even above the collapse intensity of a
ground motion. Hence, out of the 632 total simulations conducted using the average
acceleration scheme, only 1 successfully completed using the full Newton-Raphson
algorithm and a ∆t of 5× 10−3 s without encountering numerical non-convergence.
567 of the remaining simulations successfully completed using alternative solution
algorithms like Newton-Raphson with initial elastic stiffness, Newton-Raphson with
line search, etc. 23 simulations successfully completed upon lowering the ∆t by
factors of 5, 10, and 50. This indicates that the initially chosen ∆t was probably
high for this particular model, although 5× 10−3 s is considered to be on the lower
side of ∆t values typically used in practice with the average acceleration scheme,
for a relatively long period structural model. It also demonstrates the potential
to experience numerical non-convergence when structural response simulations are
conducted under ground motions scaled to both low and high intensities. The net
effect of the use of these computationally intensive efforts to enforce convergence
in most of the conducted simulations, however, was a relatively long IDA runtime
of 118min using the average acceleration scheme. Although certain aspects of the
parallel algorithm used to conduct the IDA are tuned for efficiency using the central
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difference scheme, the impact on the runtime using the average acceleration scheme is
not expected to be significant. Using the central difference scheme in conjunction with
a non-constant damping matrix, the IDA runtime was 154min. This runtime was,
however, reduced to 32min using a constant damping matrix, and slightly further
down to 27min using a constant diagonal damping matrix. Hence, even if a non-
constant damping matrix is used, the runtime using the central difference scheme is
only 31% longer than the average acceleration scheme, which is considered a small
price to pay for the improved robustness against numerical non-convergence. When
a constant damping matrix is used, however, the runtime using the central difference
scheme is observed to be 73% shorter than the average acceleration scheme in this
particular case, as a consequence of factorizing the dynamic tangent matrix just
once over the entire analysis. In general, the relative efficiencies of the two schemes
are expected to depend on (i) the structural model characteristics; (ii) the ground
motions characteristics; (iii) the analysis parameters; and (iv) the parallel algorithm
employed to conduct IDA. The central difference scheme is, however, observed to be
a competitive alternative to the average acceleration scheme in structural collapse
simulation, not just in terms of robustness, but also in terms of efficiency. These
findings are in general agreement with other previous studies like McNamara (1974),
Mikkola et al. (1981), and Xie (1996), that analyze and compare numerical time
integration schemes.

7.4 Parallel algorithms to conduct MSA and IDA

Most modern computers are parallel computers, i.e., they contain multiple processors
that are capable of executing more than one thread of computation simultaneously.
Effectively utilizing the capabilities of parallel computers requires the use of parallel
algorithms that efficiently divide the computation to be conducted into smaller tasks
that can be executed simultaneously, and optimally schedule the execution of these
tasks. Parallel algorithms to conduct multiple stripe analysis (MSA) and incremental
dynamic analysis (IDA), two commonly used methods to estimate structural collapse
capacity recommended by standards like FEMA P-58 (FEMA 2012b) and FEMA
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Table 7.2: Summary of the time taken to conduct IDA on the steel moment frame building
using the two schemes and different permutations of Rayleigh damping matrix formulations
and types of solvers. The IDAs were conducted on a parallel cluster with 160 processors

using the 44 ground motions from the FEMA P695 far-field record set.

Time integration
scheme

Rayleigh damping
matrix

Type of
solver

∆t
(10−4 s)

Runtime
(min)

Average acceleration aMM + aKKcurrent
non-constant

Sparse ≤ 50 118

Central difference aMM + aKKcurrent
non-constant

Sparse 1.5 154

Central difference aMM + aKKinitial
constant

Sparse
factor once 1.5 32

Central difference aMM
constant and diagonal

Diagonal
factor once 1.5 27

P695 (FEMA 2009b), are proposed in this section. FEMA P-58 recommends con-
ducting either MSA or IDA to assess the seismic performance of individual buildings,
while FEMA P695 recommends performing IDA on a set of structural archetypes to
quantify seismic performance factors used in building design codes. These standards,
however, recommend conducting a modified version of IDA, for which specialized
parallel algorithms have been developed by Hardyniec and Charney (2015); the algo-
rithm presented here is to conduct full IDA, as originally proposed by Vamvatsikos
and Cornell (2002). The results of both MSA and full IDA can be used to compute a
hazard-consistent collapse fragility curve, as described in Chapter 4/Chandramohan
et al. (2016a) and Chapter 5 respectively. Conducting MSA and IDA typically in-
volves the simulation of structural response under a large number of ground motions
scaled to different intensity levels, which can often take days or even weeks to run
sequentially, making them suitable candidates for parallelization. Analyses of this
magnitude, typically used to accurately characterize the uncertainty in structural re-
sponse stemming from uncertainty in the characteristics of (i) the anticipated ground
motions and (ii) the structural model, are presently confined to research practice. It
is hoped that the development of algorithms to conduct them more efficiently, in con-
junction with the advancement in available computational resources and easy access
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to high-performance computing resources like NHERI DesignSafe-CI (NHERI 2016),
enables their adoption in structural design and assessment practice as well in the near
future. In line with this objective, Tcl scripts implementing the proposed algorithms
in OpenSees have been made available with an open-source license at the git repos-
itory linked to in § 7.6. These scripts can be run using OpenSeesMP, a version of
OpenSees that implements the message passing interface (MPI) (Gropp et al. 2014),
thereby enabling structural response simulations to be conducted in parallel.

Vamvatsikos (2011) proposes a number of algorithms to conduct IDA in parallel,
some of which are tailored for use on multi-core computers and others on distributed
parallel clusters. This distinction is often necessary since the two types of parallel
computers impose unique constraints on computations conducted on them. Multi-
core computers, for example, typically contain only around 4–12 processors, but are
generally privately owned, and hence, do not impose any restrictions on the durations
of the analyses. Since the primary bottleneck on multi-core computers is the number
of available processors, the main objective of a parallel algorithm is to ensure that
all available processors are optimally used at all times. Distributed parallel clusters
like those provided by NSF XSEDE (Towns et al. 2014), on the other hand, can
contain thousands to hundreds of thousands of processors. Since these computers
are commonly shared with other users though, they generally use job scheduling
policies that limit the durations of jobs that can be run on them to around 24 h–48 h.
Hence, the primary objective of a parallel algorithm used on large clusters is often
to complete the analysis in the shortest amount of time, using as many processors as
available. An ideal parallel algorithm, however, should be scalable, i.e., it should be
efficient irrespective of the number of processors it is used with (Pacheco 2011, § 2.6).
Additionally, a simple algorithm is to be preferred over a complex one, as long as their
performances are comparable. The objective of this study, therefore, was to develop
a single, simple MPI algorithm for each type of analysis, that provides comparable
speedup when run on both multi-core computers and distributed parallel clusters, to
cater to the diverse needs of structural engineering researchers and practitioners.
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7.4.1 Algorithm to conduct MSA in parallel

Multiple stripe analysis (MSA) is conducted by analyzing the structure under multi-
ple sets of hazard-consistent ground motions, each reflecting the site-specific seismic
hazard at a different ground motion intensity level, typically represented by Sa(T1).
Algorithms to conduct MSA in parallel can exploit the fact that the complete list
of simulations to be run is known beforehand, and the results from one simulation
(analysis of the structure under one ground motion) do not have any bearing on the
other simulations, i.e., there are no dependencies among the simulations. This renders
conducting MSA an embarrassingly parallel problem.

The described algorithm assumes that each simulation is conducted on one pro-
cessor, although it is easily extended to the case where a single simulation is run on
more than one processor by domain decomposition. Domain decomposition is not
recommended unless the number of available processors, n, exceeds the total number
of simulations to be run, m. It may, however, be necessary when the longest simula-
tion cannot be successfully completed on just one processor within the job duration
limit prescribed by the scheduling policy implemented on parallel clusters. Load bal-
ancing: the process of distributing jobs equivalently to all available processors so as
to optimize resource usage and minimize runtime, is not required when n ≥ m. If
n < m, however, some form of load balancing is recommended for optimal efficiency.
The proposed algorithm employs a dynamic load balancing scheme, wherein proces-
sors are assigned tasks to execute in real-time as they complete executing other tasks.
Dynamic load balancing is achieved using a master-slave design, wherein the master
process maintains a stack of the ground motions the structure needs to be analyzed
under. When requested for a ground motion by an idle slave process, it pops one
from this job stack. Each slave process repeatedly requests a ground motion from
the master, simulates the response of the structure under it, and writes a binary flag
indicating whether collapse occurred to a text file. If additional structural response
information like peak story drift ratio (SDR) is required, this information could also
be written to disk. These text files are later accessed in the post-processing stage
for collapse fragility computation using, for example, the methods described in Baker
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(2015). The efficiency of each structural response simulation is improved by checking
if the structure has collapsed at regular intervals, for instance, after simulating re-
sponse under every 1 s ground motion interval, and immediately halting execution if
it has. This helps avoid simulating structural response beyond the point of collapse,
which can be particularly wasteful when collapse occurs during the early stages of a
long duration ground motion.

It is trivial to incorporate checkpoint/restart functionality in the algorithm, to
enable an analysis aborted at a certain point to resume execution from the same
point when restarted. This is accomplished by ensuring that the analysis results
corresponding to a ground motion have not been written to disk before adding the
ground motion to the master job stack at the start of the analysis. Simulations that
did not complete execution at the time the job was aborted though, will have to begin
from scratch. The need to analyze more than one structural model back-to-back is
encountered at times, e.g., when explicitly accounting for model uncertainty (e.g.,
Gokkaya et al. 2016) or performing community-level performance assessment studies
(e.g., Burton 2014, Chapter 8). Nevertheless, the ability to analyze more than one
structure is also easily incorporated in the proposed algorithm by adding jobs defined
not just by a ground motion name, but also a structural model name, to the master
job stack and dynamically allocating these jobs to slave processes. The proposed
algorithm to analyze one structural model is summarized in Algorithm 7.1.

The efficiency of the algorithm was quantified by analyzing the steel moment frame
building described in § 7.3.3 under eight sets of 40 ground motions each (320 ground
motions in total), selected to represent the seismic hazard at San Francisco, following
the procedure described in Chapter 4/Chandramohan et al. (2016a). All simulations
were conducted using the central difference time integration scheme and a constant
damping matrix. The analysis was repeated using different numbers of Intel Xeon
E5-2640 v3 processors, n, and the runtimes, T (n), are plotted in Figure 7.7a. Each
value of T (n) was computed as the average over three analyses conducted using n
processors to account for the variability in the runtimes of repeated analyses. As
expected, the runtimes decrease as more processors are used to conduct the analy-
sis. The curve labelled “w/o Oversubscription” corresponds to the case where n MPI
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Algorithm 7.1: Conduct multiple stripe analysis (MSA) on one structural
model using m ground motions in parallel.

Master
1 Initialize num_completed to the number of ground motions that have been
previously run

2 Initialize a stack called runlist with the ground motions that have not been
previously run

3 Initialize a stack called free_procs with the ids of all slave processes

4 while num_completed < m do

5 while runlist is not empty and free_procs is not empty do

6 Pop a ground motion from runlist

7 Pop a slave process from free_procs

8 Send the ground motion to the slave process

9 end

10 Receive a COMPLETE message from a slave process

11 Set num_completed← num_completed+ 1

12 Add the slave process to free_procs

13 end

14 Send a TERMINATE message to all slave processes

Slave
1 Receive a message from the master process

2 while the received message is not TERMINATE do

3 Analyze the structure under the ground motion named in the message

4 Write the binary collapse indicator to file

5 Send a COMPLETE message to the master process

6 Receive a message from the master process

7 end
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processes are spawned, so that one can be bound to each of the n available proces-
sors. Although this allows each process to run uninterrupted on its own processor,
it requires dedicating a processor to run the master process, whose functions require
meager computational resources in comparison to the slaves. Hence, only n− 1 sim-
ulations can be conducted simultaneously. Alternatively, the number of available
processors could be oversubscribed by one process†, i.e., n + 1 MPI processes could
be spawned to run on the n available processors. While oversubscription permits
n simulations to be conducted simultaneously, it requires one or more of the slaves
to share CPU time with the master, which results in slightly reduced performance.
The influence of oversubscription on performance can be mitigated by ensuring that
the master process does not occupy a processor for inordinate amounts of time while
polling for messages from slaves. Modern MPI libraries do provide fine-grained con-
trols to instruct idle processes to yield the processor to other processes. Else, this
behavior can be explicitly programmed using non-blocking communication between
the master and slave processes, although OpenSees does not currently implement this
feature. Modern MPI libraries and operating systems will also generally ensure that
the processors spend the bulk of their time running the computationally intensive
slave processes. Nevertheless, to avoid any ambiguity in how the processes are exe-
cuted on the available processors, each slave process could be explicitly bound to a
unique processor, while leaving the master process unbound. The computed runtimes
when the processors are oversubscribed by one process are plotted in Figure 7.7a with
the label “w/ Oversubscription”. The loss in efficiency using each approach can be
quantified by comparing the respective curves with the “Benchmark ” curve obtained
by shifting the “w/o Oversubscription” curve to the left by 1 processor. Hence, the
benchmark case represents the scenario where n slaves are run on n processors using
dynamic load balnacing, without any additional overheads due to the dedication of
one processor to run the master or due to context switching. The proposed algorithm
is then compared to a commonly employed, naïve approach to parallelizing MSA,
wherein ground motions are statically distributed to processors based on their serial
number within a set, without using any static or dynamic load balancing techniques.

†Thanks again to Frank McKenna for this idea.
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Runtimes using this naïve approach are plotted with the label “No load balancing”.
The parallel efficiency of the algorithm, E(n), was computed using

E(n) =
T (1)

nT (n)
(7.4)

for different values of n and all the four cases discussed above. T (1) in Equation (7.4)
refers to the runtime using the most efficient sequential implementation of the al-
gorithm. In this case, T (1) is taken as ordinate of the “Benchmark ” curve from
Figure 7.7a corresponding to n = 1. The computed values of E(n) are plotted in
Figure 7.7b. The inverted U -shape of the “w/ Oversubscription” and “w/o Over-
subscription” curves indicates that the parallel algorithm most efficiently utilizes all
the available processors when used with around 4 to 40 processors. The decrease in
efficiency indicated by both curves as n is lowered below 4 is caused by the overhead
induced by the master process, as discussed previously. The benchmark curve indi-
cates that the efficiency of the proposed algorithm is near-optimal for n lesser than
about 20 in the absence of this overhead. Although 1.0 represents a theoretical upper
limit for E(n), the values of E(n) slightly greater than 1.0 plotted in Figure 7.7b are
caused by the variability in the runtimes of repeated analyses. The impact of the
overhead, indicated by the vertical separation of the two curves from the benchmark
curve, is seen to be relatively small when using around 4 to 20 processors, and negli-
gible when using more than 20 processors. This indicates that the overhead induced
by the additional master process is not a significant concern when using around 4
or more processors, which represents the most likely scenario when modern parallel
computers are employed to conduct structural analyses. Oversubscribing the number
of available processors by one process is observed to exhibit significantly improved
performance with respect to the case without oversubscription only when n is small
(lesser than about 4 in this case). This indicates that the dedication of one proces-
sor to run the master process is, again, less of a concern when 4 or more processors
are used, which covers most practically encountered scenarios. The efficiency of 0.5
corresponding to the “w/ Oversubscription” curve at n = 1 indicates that the imple-
mentation of the proposed algorithm is not ideal, since it allows a master and slave
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Figure 7.7: (a) Runtime and (b) efficiency of the proposed algorithm to conduct multiple
stripe analysis (MSA) in parallel on different numbers of processors. The yellow and orange
curves quantify the performance of the algorithm with and without the oversubscription of
the number of available processors by one process, respectively. The red benchmark curve
indicates the performance of the proposed algorithm without any overheads induced by the
master process. The gray curve quantifies the efficiency of an alternative naïve parallel

algorithm that does not employ any static or dynamic load balancing.
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process that are bound to the same processor, to share it equally. The efficiency of
the algorithm at small n could potentially be improved by ensuring that the master
process does not inordinately occupy a processor while waiting for messages from the
slaves.

The decrease in efficiency as n is increased above 40, however, is a consequence
of the reduction in the effectiveness of the employed dynamic load balancing scheme.
Once the master job stack is empty, i.e., all jobs have been allotted to slaves and are
awaiting completion, the duration that each processor remains idle from the time it
completes its final simulation until the last processor completes its final simulation,
represents unused processor time that impacts parallel efficiency. This total unused
processor time generally increases as the m/n ratio, which represents the average num-
ber of simulations per processor, decreases, or equivalently, when n increases for a
given m. As a limiting case, when n is increased above m, the runtime remains
constant, which translates to a decrease in efficiency as 1/n. If more processors are
available than ground motions, the use of multiple processors to conduct each sim-
ulation by domain decomposition could be considered for improved efficiency. The
peak of the efficiency curve is found to occur at approximately n = 10 to 20, where
the total impact of the additional master process (which decreases with n) and the
dynamic load balancing scheme (which increases with n) is the least.

The efficiency of the naïve approach to parallelizing MSA without any load bal-
ancing is found to be close to optimal for n lesser than about 5, where load balancing
is not as critical. As n is increased above 5, however, the efficiency drops significantly
below that of the proposed algorithm due to the absence of effective load balancing.
As an example of the potential benefits of load balancing, the runtime using 40 pro-
cessors with load balancing is 2.1 h, which is nearly half the runtime without load
balancing: 4.1 h. As n approaches m, however, the impact of load balancing dimin-
ishes again until the point where n = m and one ground motion is run per processor,
which requires no load balancing.

Since the problem being solved is embarrassingly parallel, keeping the number
of processors per simulation fixed, the only means to improve the efficiency of the
algorithm is by smarter load balancing. If the central difference time integration
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scheme is used to conduct the analyses, the duration of each simulation is known to
be directly proportional to the length of the ground motion, which makes it easy to
implement static load balancing techniques (Xu and Lau 1997). Although dynamic
load balancing techniques can be slightly less efficient compared to static load bal-
ancing techniques in certain situations, especially when n is large, they are preferred
here because of their relative simplicity. Dynamic load balancing, however, is likely
to be the more efficient option when implicit schemes are used, since they render the
duration of a simulation difficult to predict for reasons described in § 7.3.1.

Another method to achieve dynamic load balancing, that does not require a
master-slave hierarchical structure, involves using a text file as a job stack. In this
method, the list of ground motions to be run is initially written to a text file. Each
process reads a row from the file containing the name of a ground motion and deletes
the row to prevent another process from picking up the same ground motion. It then
simulates the response of the structure under the ground motion and writes the anal-
ysis results to a text file. Since this method does not suffer from any of the overheads
of the master-slave configuration that result in decreased performance when n is very
small, it is capable of achieving the level of efficiency indicated by the “Benchmark ”
curves in Figure 7.7. This option was, however, not adopted since it is presently not
possible to atomically read from and write to a text file using OpenSeesMP, which
could potentially lead to race conditions. In other words, it is not possible for one
process to read from and write to a text file without other processes simultaneously
reading from and writing to it, which could produce unintended consequences like
multiple processes running the same ground motion, and/or a ground motion not
being run at all. Additionally, it is difficult to ensure robustness against external
modifications to the text file maintaining the job stack when using this method. In
a computer with shared memory, the job stack could be maintained in the shared
memory instead of the disk, although OpenSees does not currently implement this
feature. Shared memory architectures are, however, not as scalable as distributed
memory architectures.
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7.4.2 Algorithm to conduct IDA in parallel

The parallel algorithm to conduct IDA proposed in this study builds on algorithms
previously developed by Vamvatsikos (2011), with major differences and improve-
ments highlighted in the ensuing description. The most important difference with
respect to Vamvatsikos (2011) is that a single, efficient algorithm is developed, that
can be implemented on both multi-core computers and large parallel clusters us-
ing just the basic MPI message-passing capabilities currently available in OpenSees.
Conducting IDA involves simulating the response of a structure under each ground
motion from a set, scaled to incrementally higher intensity levels, until it causes
structural collapse. Hence, unlike MSA, the list of simulations to be run is not known
beforehand, but is determined dynamically based on the results of completed simu-
lations. This feature makes conducting IDA amenable to parallelization by dynamic
load balancing using a master-slave approach, similar to the one adopted previously
to parallelize MSA. Although simulations under different ground motions are inde-
pendent from each other, dependencies exist between simulations involving the same
ground motion scaled to different intensity levels. Conducting IDA, therefore, unlike
MSA, is not an embarrassingly parallel problem.

Estimating the collapse intensity of a ground motion falls in the class of nonlin-
ear scalar root-finding problems, for which, a number of numerical algorithms have
been developed (Press et al. 2007, Chapter 9). The strategy adopted here follows the
hunt and bracket approach described previously in Vamvatsikos and Cornell (2002)
and Vamvatsikos and Cornell (2004), with a few modifications. In the initial hunting
stage, the structure is analyzed under the ground motion scaled to linearly increasing
intensities, spaced by a constant ∆Sa(T1) value, until structural collapse is observed.
Linearly increasing intensities are favored over quadratically increasing intensities,
as proposed by Vamvatsikos and Cornell (2002), Vamvatsikos and Cornell (2004),
and Vamvatsikos (2011), since the use of just one parameter to control the scaling
of ground motion intensities makes the algorithm simpler, while maintaining a com-
parable efficiency. The recommendation to use quadratically increasing intensities
is one of many made by Vamvatsikos and Cornell (2002), Vamvatsikos and Cornell
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(2004), and Vamvatsikos (2011) to mitigate the effects of numerical non-convergence.
These measures are obviated by the use of the central difference scheme for reasons
described in § 7.3.2. Once structural collapse is observed in one of the hunt stage sim-
ulations, the bracketing stage initiates, wherein the bisection algorithm is employed
to estimate the collapse intensity to a finer precision. At the start of the bracketing
stage, Sa(T1)collapse is assigned the lowest hunt stage intensity at which collapse is
observed, and Sa(T1)no−collapse is initialized to Sa(T1)collapse−∆Sa(T1). The first level
of bisection is conducted at the intensity level halfway in between Sa(T1)

no−collapse

and Sa(T1)collapse. If structural collapse is observed at this intensity level, the value of
Sa(T1)

collapse is updated to this intensity, else the value of Sa(T1)no−collapse is. k such
levels of bisection are conducted, after which, the ground motion collapse intensity
is conservatively estimated as the final value of Sa(T1)no−collapse. A 1/3− 2/3 rule was
proposed by Vamvatsikos (2011) as an alternative to the bisection algorithm, also in
an effort to mitigate the consequences of numerical non-convergence. The bisection
algorithm is, however, more efficient in the absence of numerical non-convergence us-
ing the central difference scheme. No filling stage, as described in Vamvatsikos and
Cornell (2002), is necessary, since the objective here is only to estimate the ground
motion collapse intensity, not to trace the entire IDA curve to a fine precision. The
proposed algorithm can, however, be easily be extended to incorporate such a filling
stage. The chosen values of ∆Sa(T1) and k determine the precision of the estimated
ground motion collapse intensities. The benefits of using quadratically increasing
ground motion intensities can be closely replicated using a relatively large ∆Sa(T1)

value. As noted in Vamvatsikos and Cornell (2004), however, coupled with the absence
of a filling stage, using ∆Sa(T1) values that are too large could increase the likelihood
of skipping an instance of structural resurrection, thereby overestimating the ground
motion collapse intensity. Structural resurrection refers to the phenomenon where the
structure does not collapse when analyzed under a ground motion scaled to certain
intensities above its collapse intensity.

The sequential implementation of the hunt and bracket approach to estimate the
collapse intensities of a set of m ground motions is relatively straightforward. The
efficiency of a parallel implementation, however, is largely determined by the ability
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to meet two conflicting goals:

(i) to keep all available processors occupied; and

(ii) to minimize the execution of superfluous simulations.

The proposed algorithm employs a master process to maintain a job queue, which
allows more fine-grained control over the scheduling of jobs compared to the stack
structure that was used in § 7.4.1. Each job is completely defined by a ground motion
name and the intensity it is to be scaled to, typically represented by an Sa(T1) value.
When requested for a job by an idle slave process, the master dequeues one from the
head of this queue. Each slave process repeatedly requests a job from the master,
simulates the response of the structure under the specified ground motion scaled to the
specified intensity, and communicates the occurrence or non-occurrence of structural
collapse back to the master. If additional structural response information like peak
SDR is required, this information could also be sent back to the master. Based on
the received value, the master decides whether jobs corresponding to that ground
motion need to be added to or removed from the queue. The two-level master-slave
structure of the proposed algorithm is depicted in Figure 7.8, and is relatively simpler
than the three-level hierarchical structure proposed by Vamvatsikos (2011). It is again
assumed that each simulation is conducted on a single processor, although the reasons
discussed in § 7.4.1 why individual simulations may need to be conducted on multiple
processors apply here as well.

When the master creates the job queue at the start of the hunt stage, it begins
by enqueueing m jobs corresponding to all the ground motions scaled to the inten-
sity ∆Sa(T1). It then enqueues m more jobs corresponding to all the ground motions
taken in the same sequence, scaled to 2×∆Sa(T1), and so on, until jobs corresponding
to intensities high enough to safely exceed the largest anticipated ground motion col-
lapse intensity are enqueued. Enqueueing jobs in an interwoven manner as described
here, ensures maximum possible separation between jobs requiring analysis under the
same ground motion scaled to different intensities, in the queue. This separation
helps minimize the likelihood of the simultaneous execution of such jobs, and thereby
decreases the likelihood of running superfluous simulations above the ground motion
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Figure 7.8: Schematic of the two-level master-slave hierarchical structure of the proposed
algorithm to conduct incremental dynamic analysis (IDA) in parallel.

collapse intensities. Since jobs are dequeued from the head of the queue, hunt stage
jobs corresponding to low ground motion intensities are executed first before moving
on to higher intensity levels.

At the start of the hunt stage, the Sa(T1)no−collapse values of all ground motions
are set to 0, and their Sa(T1)collapse values to ∞. When a slave reports to the master
that a ground motion scaled to a certain intensity has caused structural collapse,
the master (i) updates the Sa(T1)collapse value of the ground motion to that intensity
if it is lower than the current value of Sa(T1)collapse and (ii) removes jobs in the
queue corresponding to higher intensities of that ground motion. If, additionally, all
other simulations corresponding to that ground motion at lower intensities have also
completed and did not cause collapse, the bracketing stage of that ground motion
is begun by setting Sa(T1)no−collapse to Sa(T1)collapse − ∆Sa(T1). It is important to
wait until all the lower intensities have not caused collapse, and not just the intensity
immediately below it, to ensure that structural resurrection has not occurred.

Bracketing stage jobs are identified by the scalar δ, which represents a ground
motion intensity computed using the expression Sa(T1)no−collapse0 + δ∆Sa(T1), where
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Sa(T1)
no−collapse
0 refers to the Sa(T1)no−collapse value at the start of the bracketing stage.

The δ = 1/2 job corresponding to the first bisection level is enqueued at the head of the
queue. All potential jobs corresponding to subsequent bisection levels, e.g., δ = 1/4, 3/4

corresponding to the second bisection level, δ = 1/8, 3/8, 5/8, 7/8 corresponding to the
third bisection level, and so on until the kth bisection level, are enqueued at the tail of
the queue. The slave that completed the last hunt stage job is likely to begin executing
the δ = 1/2 job immediately. Hence, the bracketing stage begins at the first bisection
level. Enqueueing later bisection level jobs at the tail of the queue ensures maximum
separation from the first bisection level job, thereby giving the first bisection level
job the largest possible amount of time to complete before potentially superfluous
jobs belonging to later bisection levels begin. When a slave completes execution of a
bisection stage job, the master updates the Sa(T1)collapse value of the ground motion to
the intensity of the completed simulation if collapse occurred and the intensity is lower
than the current value of Sa(T1)collapse. If collapse has not occurred and the intensity is
higher than the current value of Sa(T1)no−collapse, the Sa(T1)no−collapse value is updated
instead. The master then removes jobs in the queue corresponding to that ground
motion at intensities higher than Sa(T1)collapse and lower than Sa(T1)no−collapse. The
completion of the current bisection level is indicated by the absence of any intensities
associated with that bisection level (e.g., intensities identified by δ = 1/4, 3/4 associated
with the second bisection level) in the interval

(
Sa(T1)

no−collapse, Sa(T1)collapse
)
, which

excludes the end points. If the completion of a bracketing stage job signals the end
of the current bisection level, the only remaining job from the next bisection level,
if present in the queue, is moved to the head, and jobs from later bisection levels,
also if present in the queue, are moved to the tail, for reasons described previously.
Once the final bisection level is complete, the Sa(T1)no−collapse value represents the
estimated ground motion collapse intensity. A collapse fragility curve can then be
fit to the estimated collapse intensities of all the ground motions using one of the
methods described in Baker (2015).

To further improve the efficiency of the proposed algorithm, a strategy was devised
to abort currently running jobs that have either already simulated collapse, or have
been rendered redundant by the completion of another job. As part of this strategy,
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each slave simulates the response of the structure under a ground motion scaled
to a particular intensity, in batches of time steps, for instance, corresponding to 1 s
ground motion intervals. Upon the execution of each batch of time steps, it (i) checks
if collapse has already occurred and aborts the simulation if it has; and (ii) sends
a message to the master requesting a status update. The master, in turn, checks
whether recent developments have pushed either the ground motion’s Sa(T1)collapse

value below the intensity of the simulation, or its Sa(T1)no−collapse value above the
intensity, thereby rendering the simulation redundant. If the simulation is deemed
to have become redundant, the master sends a message back instructing the slave to
abort the simulation and start a new job, else it instructs the slave to continue running
the next batch of time steps. These regular intermediate checks are extremely quick
and do not significantly affect the efficiency of jobs that do not have to be aborted.

The following details of each job are written to disk by the master immediately
upon completion, to implement checkpoint/restart functionality: (i) ground motion,
(ii) intensity, (iii) collapse indicator, (iv) Sa(T1)no−collapse, (v) Sa(T1)collapse, and
(vi) bisection level (if applicable). The master could then check for the existence
of previous, incomplete analysis results, and take them into account when creating
the initial job queue. This algorithm is also easily extended to the case where IDA
needs to be conducted on multiple structures, by slightly modifying the way the job
queue is initially populated with the hunt stage jobs. It is recommended to first en-
queue the lowest intensity jobs corresponding all structures, followed by the second
lowest intensity jobs with the structures taken in the same sequence, and so on, to
again ensure maximum separation between simulations analyzing the same structure
under the same ground motion scaled to different intensities. All other tasks re-
main the same, except for additional accounting requirements for the master to keep
track of which structure each job belongs to. The proposed algorithm to analyze one
structural model is summarized in Algorithm 7.2.
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Algorithm 7.2: Conduct incremental dynamic analysis (IDA) on one structural
model using m ground motions in parallel.

Master
Data: ∆Sa(T1), k, max_jobs

1 for i← 1 to max_jobs do

2 for j ← 1 to m do

3 Enqueue job with ground motion j scaled to intensity i×∆Sa(T1) to the
runlist queue

4 end

5 end

6 for j ← 1 to m do

7 Set Sa(T1)no−collapse[j]← 0

8 Set Sa(T1)collapse[j]←∞
9 end

10 Enqueue/dequeue jobs to/from runlist, infer analysis stage, and modify
Sa(T1)

no−collapse and Sa(T1)collapse values based on previously conducted incomplete
analyses if they exist

11 Initialize num_completed to the number of ground motions that have previously
completed execution

12 Initialize a stack called free_procs with the ids of all slave processes

13 while num_completed < m or runlist is not empty or length(free_procs) < n do

14 while runlist is not empty and free_procs is not empty do

15 Dequeue a ground motion and intensity from the head of runlist

16 Pop a slave process from free_procs

17 Send the ground motion and intensity to the slave process

18 end

19 Set status_check_flag ← True

20 while status_check_flag is True do

21 Receive a message from a slave process along with the ground motion
number j and intensity Sa(T1) it has been running
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22 if the received message is STATUS then

23 if Sa(T1) > Sa(T1)
collapse[j] or Sa(T1) < Sa(T1)

no−collapse[j] then

24 Send an ABORT message back to the slave process

25 else

26 Send a CONTINUE message back to the slave process

27 end

28 else

29 Add the slave process to free_procs

30 Set status_check_flag ← False

31 end

32 end

33 if simulation was not aborted then

34 if collapse occurred then

35 Set Sa(T1)collapse[j]← min
[
Sa(T1)

collapse[j], Sa(T1)
]

36 Dequeue all jobs from runlist corresonding to ground motion j at
intensities greater than Sa(T1)collapse[j]

37 end

38 if the simulation signals the end of ground motion j’s hunt stage then

39 Set Sa(T1)no−collapse[j]← Sa(T1)
collapse[j]−∆Sa(T1)

40 Enqueue the first bisection level job at the head of runlist

41 for i← 2 to k do

42 Enqueue the ith bisection level jobs at the tail of runlist

43 end

44 end

45 if simulation was from bracketing stage and collapse did not occur then

46 Set Sa(T1)no−collapse[j]← max
[
Sa(T1)

no−collapse[j], Sa(T1)
]

47 Dequeue all jobs from runlist corresonding to ground motion j at
intensities lower than Sa(T1)no−collapse[j]

48 end

49 end
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50 if simulation was from the bracketing stage and it signals the completion of a
bisection level of ground motion j then

51 Move the job in runlist corresponding to ground motion j’s next bisection
level to the head if present

52 Move jobs in runlist corresponding to ground motion j’s later bisection
levels to the tail if present

53 end

54 if simulation was not aborted then

55 Write the intensity, collapse indicator, Sa(T1)no−collapse[j], Sa(T1)collapse[j],
and analysis stage to a text file corresponding to ground motion j

56 end

57 Set num_completed to the number of ground motions whose hunt and bracket
stages have been completed

58 end

59 Send a TERMINATE message to all slave processes
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Slave
Data: batch_size

1 Receive a message from the master process

2 while the received message is not TERMINATE do

3 Scale the specified ground motion to the specified intensity and split it into
num_batches batches of size batch_size

4 for i← 1 to num_batches do

5 Analyze the structure under batch i of the ground motion

6 Send a STATUS message to the master process

7 Receive a message from the master process

8 if the received message is ABORT then

9 break

10 end

11 end

12 if the simulation was aborted then

13 Send an ABORTED message to the master process

14 else

15 Send a binary collapse indicator to the master process

16 end

17 Receive a message from the master process

18 end

The efficiency of the proposed algorithm was again quantified by analyzing the
steel moment frame building using the 44 ground motions from the FEMA P695 far-
field records set. All simulations were conducted using the central difference time
integration scheme and a constant damping matrix. The runtimes using different
numbers of processors are plotted in Figure 7.9a, and the parallel efficiencies com-
puted using Equation (7.4) are plotted in Figure 7.9b. Cases with and without the
oversubscription of the number of available processors by one process are considered
separately as before. These are compared to the benchmark, which quantifies the
performance of the underlying algorithm when not affected by the overheads induced



CHAPTER 7. COLLAPSE CAPACITY ESTIMATION 286

by the additional master process. The benchmark runtime corresponding to n = 1

was used as the reference sequential runtime, T (1), to compute all parallel efficiencies
since the parallel algorithm conducted using one slave processor exactly reproduces
the sequential version of the algorithm by not permitting any superfluous analyses.
As observed previously for the MSA algorithm, a comparison to the benchmark case
indicates that the overheads are insignificant when n is greater than about 4. Over-
subscribing the number of available processors by one process is again observed to
produce a significant improvement in efficiency only at small values of n (lesser than
about 4). The inverted U -shape of the efficiency plot is similar to that obtained for
the MSA algorithm, although the increase in the likelihood of encountering aborted
and superfluous simulations with n, contributes to the decreased efficiency at large
values of n. The performance of the proposed algorithm is again compared to a com-
monly employed, naïve approach to parallelizing IDA, wherein ground motions are
statically distributed to processors based on their serial numbers within a set, with-
out any static or dynamic load balancing. The processors then execute sequential
versions of the hunt and bracket procedure for each ground motion they are assigned.
Although this approach performs well for small values of n, its performance quickly
deteriorates as n is increased above 5, in spite of conducting no superfluous analy-
ses, due to the lack of effective load balancing. This approach limits the maximum
number of processors that can be used to m, which is 44 in this case. No noticeable
improvement in efficiency is observed when using 11, 22, or 44 processors instead of
10, 20, or 40 processors respectively, such that all processors execute equal numbers
of ground motions. The observation that the runtime using 40 processors with load
balancing: 1.3 h, is nearly half the runtime without load balancing: 2.4 h, provides a
measure of the importance of effective load balancing.

Using a disk-based text file to implement a dynamic load balancing scheme is
again a feasible alternative to the master-slave hierarchical structure, that eliminates
all overheads and is capable of attaining the efficiency described by the “Benchmark ”
curve in Figure 7.9. This method would require each slave to assume all the responsi-
bilities of the master described above. They would have to update the text files used
to implement the job queue, and the current status of each ground motion, including
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Figure 7.9: (a) Runtime and (b) efficiency of the proposed algorithm to conduct incre-
mental dynamic analysis (IDA) in parallel on different numbers of processors. The yellow
and orange curves quantify the performance of the algorithm with and without the over-
subscription of the number of available processors by one process. The red benchmark
curve indicates the performance without any overheads induced by the master process. The
gray curve quantifies the efficiency of an alternative naïve parallel algorithm that does not

employ any static or dynamic load balancing.
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its Sa(T1)no−collapse and Sa(T1)collapse values, upon the termination of each simulation.
Upon executing each batch of time steps, they could infer from the contents of these
text files, whether or not they need to abort their current simulation and proceed to
the next job. This option was, however, not chosen due to the current inability to im-
plement atomic file input/output operations in OpenSeesMP, as described previously
in § 7.4.1.

7.5 Conclusion

The explicit central difference time integration scheme was demonstrated to be a ro-
bust and efficient alternative to commonly used implicit schemes like the Newmark
average acceleration scheme, when numerically simulating the nonlinear dynamic re-
sponse of structures. Its robustness is attributed to its non-iterative nature, which
makes it immune to numerical non-convergence issues that implicit schemes frequently
suffer from. The issue of numerical non-convergence when using implicit schemes is
widely acknowledged and even finds mention in modern structural design standards
like ASCE (2016) (Chapter 16) in the form of unacceptable responses. As per conven-
tional practice, persistent numerical non-convergence that cannot be resolved using
strategies like (i) trying alternative solution algorithms; (ii) reducing the analysis
time step; and (iii) trying alternative time integration schemes that possess algo-
rithmic damping properties, is commonly interpreted as an indicator of structural
collapse. The consequence of this practice was quantified by conducting incremen-
tal dynamic analysis (IDA) on a nine-story steel moment frame building using the
central difference and average acceleration schemes. The median collapse capacity
estimated using the average acceleration scheme was found to be 10% lower than the
value computed using the central difference scheme. This conservative underestima-
tion of the collapse capacity using the average acceleration scheme was attributed to
the incorrect interpretation of persistent numerical non-convergence encountered at
intensities below the respective collapse intensities of a subset of the ground motions,
to represent structural collapse.

The conditionally stable nature of the central difference scheme generally requires
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analyses to be conducted using relatively small time steps. Analysis of the steel
moment frame building used in this study, for instance, required a time step of
1.5× 10−4 s, which is about an order of magnitude smaller than the time step of
5× 10−3 s used with the average acceleration scheme. The relatively small computa-
tional cost of executing each time step, however, results in overall efficient runtimes.
The efficiency of the scheme can be significantly improved by using a constant damp-
ing matrix, in which case, the dynamic tangent matrix needs to be factorized only
once over the entire analysis. This feature also makes the central difference scheme
very amenable to parallelization by domain decomposition. The average acceleration
scheme, on the other hand, is often much faster since its unconditionally stable na-
ture permits its use with relatively large time steps. The computationally intensive
efforts made to overcome numerical non-convergence when it is encountered, however,
significantly hamper its efficiency. Since non-convergence is encountered relatively
frequently when conducting structural response simulations that produce significant
inelastic response, the average acceleration scheme took 118min to conduct IDA on
the steel moment frame building, while the central difference scheme using a constant
damping matrix took only 32min. Use of the central difference scheme, however, does
not permit the presence of massless degrees of freedom and infinitely stiff elements
or penalty constraints in the structural model, which entails some additional effort
during model creation.

Efficient algorithms were developed to estimate structural collapse capacity by
conducting multiple stripe analysis (MSA) and incremental dynamic analysis (IDA)
in parallel, both on multi-core computers and distributed parallel clusters. While
conducting MSA in parallel is an embarrassingly parallel problem, conducting IDA
in parallel requires addressing dependencies between simulations involving the same
ground motion scaled to different intensities. Both algorithms employ dynamic load
balancing schemes using a master-slave approach and incorporate checkpoint/restart
functionality. The IDA algorithm is tuned to minimize the execution of superflu-
ous simulations and incorporates the ability to immediately abort simulations that
have been rendered redundant by the completion of other simulations. The parallel
efficiency of these algorithms is shown to be optimal when used with a number of
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processors, n, that is neither too small nor too large. For values of n less than around
4, the overheads induced by the additional master process result in slightly reduced
performance. This is, however, of little concern since most practical applications of
these algorithms are likely to use 4 or more processors. The reduction in efficiency
for large values of n can be countered by using more processors to conduct individ-
ual simulations by domain decomposition. Each algorithm was shown to outperform
its corresponding naïve parallel implementation that does not use any form of static
or dynamic load balancing, at values of n larger than about 5. The proposed algo-
rithms are implementable using just the basic MPI message-passing features currently
available in OpenSees.

The recommendations of this study are broadly geared towards improving the reli-
ability and efficiency of structural response simulations. Numerical simulations form
the basis of current structural design and assessment practice, and the foundation
of the modern performance-based earthquake engineering (PBEE) paradigm. The
anticipated advancement in available computational capabilities over time is likely
to fuel a shift towards large, complex structural models and rigorous probabilistic
analysis procedures involving large numbers of ground motions and structural model
realizations. It is, therefore, imperative that computational tools used by structural
engineers keep pace with these technological advancements, to enable researchers and
practitioners to effectively harness the computational resources at their disposal.

7.6 Software

Tcl scripts developed as part of this study to (i) create the numerical model of the
nine-story steel moment frame building; and (ii) implement the algorithms developed
to conduct MSA and IDA in parallel using OpenSeesMP, have been made freely avail-
able with an open-source license at the following git repository: https://bitbucket.
org/reaganc/msa_ida_parallel. Readers are encouraged to use these scripts and
report any encountered bugs.

https://bitbucket.org/reaganc/msa_ida_parallel
https://bitbucket.org/reaganc/msa_ida_parallel


Chapter 8

Conclusion

8.1 Summary

The broad objective of this study was to evaluate the influence of ground motion du-
ration on structural collapse risk, and if found to be significant, to propose methods
to consider it in structural performance assessment and design. To this end, the influ-
ence of ground motion duration on structural collapse capacity was first assessed by
comparing the collapse response of structures under short and long duration ground
motions. Care was taken in these comparisons (i) to use structural models that cap-
tured dominant modes of deterioration; and (ii) to control for the effect of response
spectral shape. Upon observing a significant influence of duration on structural col-
lapse capacity, the effect of duration on structural collapse risk was then investigated
by additionally considering the durations of ground motions likely to be observed at
sites with seismic hazard contributions from different types of sources. These inves-
tigations revealed the potential to obtain biased collapse risk estimates either when
duration is ignored during record selection, or when it is implicitly accounted for using
causal parameters like earthquake magnitude and source-to-site distance. The mag-
nitude of this bias was found to be largest at sites likely to experience long duration
ground motions from large magnitude (MW ∼ 9.0) interface earthquakes produced in
active subduction zones. These findings prompted the development of strategies to
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explicitly consider the effect of duration, in addition to response spectral shape, in
common nonlinear dynamic analysis procedures like multiple stripe analysis (MSA)
(Jalayer 2003, Chapter 4) and incremental dynamic analysis (IDA) (Vamvatsikos and
Cornell 2002). These strategies were then simplified and individually tailored for
incorporation in the following standards for structural performance assessment and
design: FEMA P-58 (FEMA 2012b), FEMA P695 (FEMA 2009b), and ASCE 7-16
(ASCE 2016).

8.1.1 Influence of duration on structural collapse capacity

Previous research into the influence of duration on structural response has largely
concluded that ground motion duration primarily influences cumulative damage met-
rics, with comparatively little effect on peak structural deformations (e.g., Cornell
1997; Bommer et al. 2004; Hancock and Bommer 2006; Iervolino et al. 2006; Hancock
and Bommer 2007; Oyarzo-Vera and Chouw 2008; Barbosa et al. 2014; Hou and Qu
2015). A series of measures were adopted in this study to capture the effect of dura-
tion on peak structural deformations at ground motion intensity levels high enough
to produce significant inelastic deformation and subsequent strength and stiffness de-
terioration. This consequently allowed demonstrating and quantifying the influence
of duration on structural collapse capacity. Structural collapse capacity refers to the
capacity of a structure to resist collapse under earthquake ground motions, and is
described by a collapse fragility curve, which is a monotonically increasing function
that relates ground motion intensity (typically quantified by Sa(T1)) to a probability
of collapse. The measures adopted in this study that enabled accomplishing this ob-
jective are outlined below. The reason why a number of previous studies were unable
to capture this effect of duration can be attributed to their omission of one or more
of these factors.

(i) Employed realistic, deteriorating structural models.
The structural models employed in this study incorporated the in-cycle and
cyclic deterioration in strength and stiffness of the structural components, and
the destabilizing P −∆ effect of gravity loads. Both model characteristics were
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shown to be necessary to capture the effect of duration on structural collapse
capacity. Most previous studies qualitatively attribute the effect of duration
on structural response to the cyclic deterioration of strength and stiffness (e.g.,
Bommer et al. 2004; Beyer and Bommer 2007; Chapter 2/Chandramohan et al.
2016b; Marafi et al. 2016). A careful analysis of story drift ratio time histo-
ries under short and long duration ground motions using a newly developed
response parameter called the ratcheting inteval, however, revealed that the
gradual, unidirectional ratcheting of drifts, driven by the P − ∆ effect, is an
equally important mechanism by which duration influences structural collapse
capacity. A parametric study conducted on a simple reinforced concrete bridge
pier model, wherein individual model parameters were varied while holding oth-
ers constant, helped establish that structures with rapid rates of strength and
stiffness deterioration and those with larger deformation capacities are most
strongly influenced by duration. A study of ductile reinforced concrete moment
frame buildings also indicated a decreasing influence of duration with increasing
fundamental elastic modal period, which can be explained by the fewer inelastic
excursions experienced by longer period structures, which leads to a slower rate
of strength and stiffness deterioration.

(ii) Used long duration ground motions.
Long duration ground motions recorded from recent large magnitude interface
earthquakes like 2010 Maule (Chile,MW 8.8), and 2011 Tohoku (Japan,MW 9.0)
were used in this study. Only a limited number of long duration ground motions
recorded from earthquakes of such large magnitude were available before 2010.
Hence, earlier studies on the effects of duration relied either on ground motions
of relatively shorter duration recorded from lower magnitude earthquakes (refer
to Figure 1.1), or on simulated ground motions, whose applicability in structural
response history analysis is yet to be conclusively validated (Galasso et al. 2013;
Burks and Baker 2014; Rezaeian et al. 2015).

(iii) Controlled for the effect of response spectral shape.
Two methods were used to quantify the effect of duration while controlling for
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the effect of response spectral shape. The first method, used in Chapter 2,
involves comparing the collapse capacities computed by conducting incremen-
tal dynamic analysis (IDA) using spectrally equivalent long and short duration
record sets. These record sets were created by first assembling a set of 146 in-
tense, long duration ground motions, with duration quantified using significant
duration (Trifunac and Brady 1975), Ds, and then selecting a short duration
ground motion with a response spectrum similar to each long duration ground
motion. The second method, used in Chapter 5, involves fitting a linear re-
gression model to the collapse intensities computed by conducting IDA using
a generic record set, using SaRatio (a scalar metric used to quantify response
spectral shape, proposed by Eads et al. 2016) and Ds as predictors. The coef-
ficient corresponding to Ds was then used to quantify the expected change in
collapse capacity for a unit change in Ds, while holding SaRatio constant.

(iv) Used effective and efficient duration metrics.
A number of commonly used duration metrics (described in Bommer and Martinez-
Pereira 1999) were evaluated against criteria used to identify metrics that are
ideally suited for use in structural performance assessment and design. Of these,
significant duration, Ds, was identified as the most optimally suited duration
metric from a qualitative and quantitative comparison. It was demonstrated to
possess a number of useful characteristics, including (a) efficiency in predicting
structural collapse capacity; (b) low correlation with response spectral shape;
(c) invariance under intensity scaling of ground motions; and (d) predictability
as a function of causal parameters like earthquake magnitude and source-to-site
distance, using a number of readily available prediction equations, e.g., Abra-
hamson and Silva (1996), Kempton and Stewart (2006), Bommer et al. (2009),
and Afshari and Stewart (2016). Although 5–75% significant duration, Ds5−75,
was extensively used in this study, Ds5−95 was also found to be equally effec-
tive and efficient. Some issues are, however, anticipated if Ds5−95 is used in
conjunction with simulated ground motions, since the late arrival of reflected
seismic waves, commonly observed in simulated records, is likely to influence
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Ds5−95 values. Ds5−75 is expected to be more robust against such artifacts.

(v) Used the robust central difference time integration scheme.
The explicit central difference numerical time integration scheme was preferred
over more commonly used implicit schemes, like the Newmark average accel-
eration scheme, to conduct all nonlinear dynamic analyses, since it was shown
to be robust against numerical non-convergence issues, which implicit schemes
frequently suffer from. Persistent numerical non-convergence is often incor-
rectly interpreted to represent structural collapse when analyses are conducted
using implicit schemes. Since the likelihood of encountering numerical non-
convergence is larger when analyzing structures under long duration ground
motions, the effect of duration on structural collapse capacity could potentially
be overestimated if implicit schemes are used to conduct the simulations. Fur-
ther details are provided in § 8.1.4.

When the spectrally equivalent long and short duration record sets were used
to conduct IDA on a five-story steel moment frame building, the median collapse
capacity estimated using the long duration set was computed to be 29% lower. When
considered along with the geometric mean Ds5−75 values of the records in the long
and short duration sets: 42 s and 6 s respectively, this provides a measure of the
influence of duration on structural collapse capacity while controlling for the effect of
response spectral shape. When a linear regression model was used to fit the logarithms
of the ground motion collapse intensities obtained by conducting IDA on an eight-
story reinforced concrete moment frame building, using logarithms of SaRatio and
Ds as predictors, the coefficient corresponding to lnDs, cdur, was computed to be
−0.21. This implies that a 0.21% decrease in collapse capacity is expected for every
1% increase in Ds while holding SaRatio constant. Hence, this method provides
an alternate approach to quantifying the effect of duration while controlling for the
effect of response spectral shape. To enable a comparison of the relative influence
of duration on the two structures, the median collapse capacity of the reinforced
concrete frame estimated using the long duration set was 38% lower, and the value
of cdur computed for the steel moment frame was −0.12.
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8.1.2 Influence of duration on structural collapse risk

The procedure to quantify the probability distribution of the durations of ground mo-
tions anticipated at a site, conditional on the exceedance of a certain ground motion
intensity level, was described. These target distributions of Ds are computed using
the generalized conditional intensity measure (GCIM) framework (Bradley 2010), in a
manner analogous to the computation of a conditional spectrum (Abrahamson and Al
Atik 2010; Jayaram et al. 2011b). The computation of different targets corresponding
to each type of contributing seismic source (e.g., interface, in-slab, and crustal earth-
quakes) is recommended, to distinguish the unique characteristics—like frequency
content and duration—of the ground motions produced by each type of source. The
influence of duration can be explicitly accounted for in structural collapse risk esti-
mation using multiple stripe analysis (MSA), by selecting ground motions to match
source-specific target distributions of Ds, in addition to target conditional spectra at
each intensity level.

The consequences of failing to explicitly match target distributions of Ds when
selecting records for collapse risk estimation were demonstrated using an eight-story
reinforced concrete moment frame building designed for a site in Seattle (Washing-
ton). Seattle is expected to experience long duration ground motions from large
magnitude (MW ∼ 9.0) interface earthquakes in the Cascadia subduction zone, in ad-
dition to short duration ground motions from lower magnitude earthquakes on nearby
crustal faults. Therefore, the selection of ground motions from the PEER NGA-West2
database (Ancheta et al. 2014)—which contains predominantly short duration ground
motions—to explicitly match only target conditional spectra, was shown to underesti-
mate the mean annual frequency of collapse, λcollapse, of the structure by 29%. Upon
repeating the same analysis assuming the structure is located at a site in Eugene
(Oregon), its λcollapse was found to be underestimated by 59% when using only short
duration ground motions. A larger bias was observed in the estimated collapse risk
at Eugene, since unlike Seattle, its seismic hazard is almost completely dominated
by long duration ground motions from interface earthquakes. On the other hand, if
the structure is assumed to be located at a site in San Francisco (California), the
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bias in the estimated λcollapse is only 7%, since the durations of the ground motions
anticipated at San Francisco are closer to those of the records in the PEER NGA-
West2 database. The conventional practice of implicitly accounting for duration by
selecting records to match target ranges of causal parameters, like earthquake mag-
nitude, source-to-site distance, and site Vs30 (the time-averaged shear wave velocity
of the top 30m of the soil profile), in addition to target conditional spectra, was also
shown to produce biased collapse risk estimates at all three considered sites. The in-
accuracy of this method was identified to stem from (i) a mismatch in the durations
of the selected records and the Ds targets due to limitations of the ground motion
databases used for record selection; and (ii) the poorer fits of the selected records
to the target conditional spectra, since fewer records are available for selection once
screened based on causal parameters and a maximum scale factor. Similar findings
by Tarbali and Bradley (2016) confirm the drawbacks of relying on causal parameters
to select ground motions of appropriate duration.

A structural reliability framework was developed to enable the effect of duration
to be accounted for in structural collapse risk estimation using IDA. It involves first
fitting a linear regression model to the ground motion collapse intensities obtained
by conducting IDA, using SaRatio and Ds as predictors, to define a failure surface.
Site-specific target distributions SaRatio and Ds, conditional on a certain intensity
level, are then integrated over the failure domain to compute the probability of col-
lapse at that intensity level. Repeating this procedure at different intensity levels
allows computing a non-parametric, hazard-consistent collapse fragility curve. The
collapse fragility curve of the eight-story reinforced concrete moment frame computed
using this method was found to agree well with the fragility curve computed by con-
ducting MSA using hazard-consistent ground motions at Seattle, Eugene, and San
Francisco. The ability to obtain hazard-consistent collapse risk estimates by post-
processing the results of IDA conducted using a generic record set, resolves IDA’s
largest drawback, and makes it a competitive alternative to MSA. MSA can, in fact,
be shown to represent an alternative simulation-based approach to solve the same
structural reliability problem, that the proposed framework solves analytically. A
simplified version of the procedure that does not require any numerical integration,
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is proposed to compute just a hazard-consistent median collapse capacity instead of
the entire collapse fragility curve. This simplified method is useful when a lognormal
collapse fragility curve is to be computed using a hazard-consistent median and an ag-
gregate lognormal standard deviation that accounts for model uncertainty in addition
to record-to-record uncertainty (e.g., FEMA 2009b, § 7.3; FEMA 2012b, § 5.2.5).

The Abrahamson and Silva (1996) prediction equation for Ds, which was used
to compute target conditional distributions of Ds in this study, predicts the lowest
Ds values for large magnitude earthquakes among other alternatives like Kempton
and Stewart (2006), Bommer et al. (2009), and Afshari and Stewart (2016). Hence,
the influence of duration on structural collapse risk was demonstrated in this study
using the most conservative prediction equation for Ds. A larger effect of duration
is likely to be observed if either one of the other models is used, or the predictions of
all available models are aggregated using a logic tree (Kulkarni et al. 1984; Bommer
2005).

8.1.3 Incorporating duration in standards for structural per-

formance assessment and design

Strategies were proposed to explicitly account for the demonstrated effect of dura-
tion on structural collapse risk in the following standards for structural performance
assessment and design, alongside response spectral shape:

(i) the FEMA P-58 seismic performance assessment methodology;

(ii) the FEMA P695 methodology to quantify seismic performance factors; and

(iii) the ASCE 7-16 seismic design provisions.

Two essential components of the FEMA P-58 methodology that involve structural
analysis include (i) estimating structural collapse capacity and (ii) estimating struc-
tural demands given collapse has not occurred. The hazard-consistent median collapse
capacity can be estimated either by conducting MSA or a modified iterative version
of IDA. The effect of duration can be considered in MSA just by selecting records
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at each intensity level to match site-specific target conditional distributions of Ds in
addition to conditional spectra. The simplified version of the structural reliability
framework described in § 5.5.4, is proposed as a simpler and more efficient alternative
to the modified iterative IDA procedure. This method involves fitting a linear re-
gression model to the ground motion collapse intensities estimated by conducting full
IDA, using SaRatio and Ds as predictors. Beginning with an initial estimate of the
hazard-consistent median collapse capacity, the expected median collapse intensity
is iteratively evaluated by substituting the conditional median site-specific SaRatio
and Ds targets in the fitted regression model . When estimating structural demands
given collapse has not occurred, duration is expected to influence peak story drift
ratios at intensity levels large enough to produce significant inelastic deformations
and consequent strength and stiffness degradation. It is, however, not expected to
significantly influence other structural demands like peak floor acceleration and peak
floor velocity, which are commonly used to define fragility functions for non-structural
components.

The modifications proposed to the FEMA P695 methodology require structural
archetypes to be designed based on the seismic hazard at actual cities located in high
seismic regions. This represents a refinement of the approach adopted in the current
methodology, wherein structural archetypes are designed based just on generic risk-
targeted maximum considered earthquake (MCER) (ASCE 2016, § 11.4.3) ordinates
corresponding to seismic design category (SDC) boundaries (ASCE 2016, § 11.6)
The objective of the proposed method is to obtain a more realistic estimate of the
collapse risk of structures employing a specific structural system, at actual sites they
are most likely to be deployed in. An additional advantage of this method is that
it allows the computation of site-specific median SaRatio and Ds targets. These
targets can be used to compute more accurate estimates of the hazard-consistent
median collapse capacities of the structural archetypes, than those obtained using
SDC-specific spectral shape factors developed based on ε targets averaged over all
sites that classify under an SDC. Three methods were proposed by which the hazard-
consistent median collapse capacity of a structure can be computed by post-processing
the results of IDA conducted using a generic record set, using site-specific median
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SaRatio and Ds targets:

(i) Method 1, which is the most accurate but also the most computationally inten-
sive, requires full IDA to be conducted using short and long duration record
sets. The short duration set contains the 44 records from the FEMA P695
far-field set, and the long duration set contains 44 records with Ds5−75 > 25 s

selected to be spectrally equivalent to the short duration set. The simplified
version of the structural reliability framework, described previously as part of
the recommendations to incorporate duration in FEMA P-58’s IDA procedure,
is then employed to compute the hazard-consistent median collapse capacity.

(ii) Method 2 ranks intermediate in accuracy and computational requirements, and
involves conducting modified IDA using the short and long duration record
sets. Conducting modified IDA entails scaling the entire record set to different
intensity levels until exactly half the records cause structural collapse. The
median collapse capacities obtained using the two sets are individually corrected
for the effect of spectral shape based on the site-specific median SaRatio target
and the geometric mean SaRatio value of the records in each set. Although
the existing spectral shape factor based on ε could be used here instead, it is
expected to be less accurate. The hazard-consistent median collapse capacity
is then computed by linear interpolation based on the site-specific median Ds
target and the geometric mean Ds values of the records in each set.

(iii) Method 3 is the least accurate and also the least computationally intensive. It
involves conducting modified IDA using just the short duration set, as per the
current FEMA P695 recommendations. The hazard consistent median collapse
capacity is then adjusted based on the site-specific median SaRatio and Ds

targets, and the geometric mean SaRatio andDs values of the records in the set,
in a manner similar to Method 2. Again, the existing spectral shape factor could
be used to perform the spectral shape component of the adjustment instead of
SaRatio, but it is expected to be less accurate.

Methods 2 and 3 require one or both of the coefficients css and cdur, which quantify the
magnitudes of the respective influences of response spectral shape and duration on a
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structure’s collapse capacity, to be predicted as functions of structural characteristics.
Relations were developed to predict css and cdur for reinforced concrete ductile moment
frames based on the fundamental elastic modal period of the structure, and guidelines
are provided to develop similar relations for other structural systems. Upon analyzing
the eight-story reinforced concrete moment frame building located in Seattle using
the three proposed methods, hazard-consistent median collapse capacities of 0.70 g,
0.70 g, and 0.74 g were respectively computed, which are all close to the estimate
0.68 g computed by conducting MSA using hazard-consistent ground motions. All
three estimates represent significant improvements over the value 1.13 g obtained
using the current FEMA P695 methodology.

Proposals were made to incorporate the effects of response spectral shape and du-
ration in ASCE 7-16’s equivalent lateral force (ELF) procedure (ASCE 2016, § 12.8)
by modifying the design base shear using site and structural system-specific adjust-
ment factors. These adjustment factors counter the anticipated shift in the structure’s
median collapse capacity due to the effects of response spectral shape and duration.
The adjustment factors are estimated as functions of:

(i) The contrast between the median SaRatio and Ds targets at the site where
the structure is to be located, and the corresponding targets at a reference site
where ASCE 7-16’s implicit performance target of 10% probability of collapse
at the MCER level is most likely to be valid.

(ii) The magnitudes of the respective effects of response spectral shape and duration
on structural collapse capacity, as quantified by the css and cdur coefficients.

The definition of a reference site, or alternatively, reference targets, is a critical com-
ponent of this calculation. The historical emphasis on coastal California during the
development of seismic design provisions suggests that ASCE 7-16’s performance ob-
jective is more likely to be valid at a site located in this region. Sample calculations
using Los Angeles as the reference site indicate, for example, that a reinforced con-
crete moment frame building with a 1 s period, located at a site in downtown San
Francisco, needs to be designed to a base shear that is 43% higher than the value
computed using ASCE (2016) (Equation (12.8-1)). A similar structure in Eugene
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would have to be designed to a base shear that is 67% higher. Adjustment factors
computed using San Francisco as a reference site are less conservative on account
of the smaller SaRatio and longer Ds targets at San Francisco, compared to Los
Angeles. The use of structural system-specific adjustment factors is recommended
because different classes of structures are expected to be influenced by response spec-
tral shape and duration, to different extents. For instance, the effect of duration, as
quantified by the cdur coefficient, was found to be much more pronounced in steel
special concentrically braced frames (SCBFs) than steel buckling-restrained braced
frames (BRBFs). The difference in their sensitivities to duration is explained by the
fact that regular braces employed in SCBFs are prone to buckling and eventual frac-
ture under cyclic loading, whereas buckling-restrained braces used in BRBFs exhibit
full hysteresis loops with insignificant cyclic deterioration of strength and stiffness.

An examination of ASCE 7-16’s nonlinear response history analysis (NLRHA)
procedure (ASCE 2016, Chapter 16) revealed that the effect of duration on structural
collapse capacity may not be adequately captured by just selecting records to match
a site-specific Ds target. It was demonstrated using the example of the eight-story
reinforced concrete moment frame building, that the acceptance criteria imposed on
structural demands inferred from analyses conducted at the MCER ground motion
intensity level do not reliably capture the effect of duration on the probability of
collapse at the MCER level. The effect of duration could be captured using the
secondary acceptance criterion imposed on the number of unacceptable responses out
of 11 structural response simulations, but this acceptance criterion is associated with
a large degree of uncertainty. The effect of duration is unlikely to be captured using
the primary acceptance criterion imposed on the peak story drift ratio. Hence, it is
recommended that response history analyses be conducted by scaling records to an
MCER intensity level that is modified by the duration adjustment factor developed
as part of the recommendations to incorporate the effect of duration in the ELF
procedure. Additional studies are required to evaluate whether an analogous spectral
shape adjustment to the MCER intensity level is necessary.
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8.1.4 Robust and efficient estimation of structural collapse

capacity

The central difference numerical time integration scheme is proposed as a more ro-
bust and efficient alternative to commonly used implicit schemes, like the Newmark
average acceleration scheme, for conducting nonlinear response history analyses. Its
robustness is attributed to its non-iterative nature, which makes it immune to nu-
merical non-convergence issues that implicit schemes frequently suffer from. The
conventional practice of interpreting persistent numerical non-convergence as an in-
dicator of structural collapse was shown to result in the conservative underestimation
of the median collapse capacity of a nine-story steel moment frame building by 10%.

Although the conditionally stable nature of the central difference scheme requires
analyses to be conducted using significantly smaller time steps, the relatively small
computational cost of executing each time step results in overall efficient runtimes.
When a constant damping matrix is used, the dynamic tangent matrix needs to be
factorized just once over the entire analysis, resulting in further improvements in effi-
ciency. The unconditionally stable nature of the average acceleration scheme permits
the use of large time steps, resulting in generally faster runtimes as long as numer-
ical non-convergence is not encountered. The computationally intensive strategies
typically employed to overcome non-convergence when it is encountered, however,
significantly hamper its efficiency. The larger likelihood of encountering numerical
non-convergence when estimating structural collapse capacity using analysis tech-
niques like IDA, therefore, result in significantly longer runtimes using the average
acceleration scheme. For example, conducting IDA on the nine-story steel moment
frame building in parallel using 160 processors required only 32min using the central
difference scheme, but took 118min using the average acceleration scheme. Using
the central difference scheme, however, entails some additional efforts during model
creation to ensure that all degrees of freedom are assigned non-zero mass or moment
of inertia, and extremely stiff elements or penalty constraints are not used.

Efficient parallel algorithms were developed to conduct MSA and IDA both on
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multi-core computers and distributed parallel clusters. Both algorithms employ dy-
namic load balancing schemes using a master-slave approach and incorporate check-
point/restart functionality. They are shown to significantly outperform their corre-
sponding naïve parallel analogues that do not employ any load balancing, when using
more than around 5 processors The algorithm to conduct IDA is tuned to minimize the
execution of superfluous analyses and incorporates the ability to immediately abort
simulations that have been rendered redundant by the completion of other simula-
tions. Both algorithms are implementable using just the basic MPI message-passing
capabilities currently available in OpenSees.

8.2 Conclusion

The duration of earthquake ground motion was shown to significantly influence struc-
tural collapse risk, thereby warranting its explicit consideration in structural perfor-
mance assessment and design, in addition to response spectra. Ignoring ground mo-
tion duration and selecting short duration records—which currently dominate popular
ground motion databases like the PEER NGA-West2 database—was shown to result
in the unconservative underestimation of the collapse risk of structures at sites sus-
ceptible to long duration ground motions from large magnitude (MW ∼ 9.0) interface
earthquakes. For example, the λcollapse of an eight-story reinforced concrete moment
frame building located in Seattle (Washington), was shown to be underestimated by
29% if short duration ground motions with hazard-consistent response spectra are
used, instead of ground motions with both hazard-consistent durations and response
spectra. This bias in the estimated collapse risk was shown to be larger at sites like
Eugene (Oregon), whose seismic hazard is dominated by large magnitude interface
earthquakes in the Cascadia subduction zone. This is in contrast to sites like Seattle,
whose seismic hazard is additionally influenced by lower magnitude earthquakes from
nearby crustal faults. For example, if the same structure were located in Eugene, its
λcollapse was found to be underestimated by 59% when analyzed using short duration
ground motions. If the structure were located in San Francisco (California), on the
other hand, λcollapse is underestimated by only 7% since the durations of the ground
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motions anticipated at San Francisco are closer to those of the records in the PEER
NGA-West2 database. The prevalent practice of implicitly accounting for duration
using causal parameters like rupture mechanism, earthquake magnitude, source-to-
site distance, and site Vs30 was shown to result in the selection of records that poorly
fit both duration and response spectrum targets. This result is a consequence of
the limitations of ground motion databases commonly used for record selection. The
demonstrated influence of duration on structural response, therefore, warrants its ex-
plicit consideration in structural design and assessment practice, following a similar
line of reasoning by which ground motion response spectra are explicitly considered
in design and assessment, instead of doing so implicitly via causal parameters.

Significant duration (Trifunac and Brady 1975), Ds, was shown to be better suited
than other duration metrics for application in structural performance assessment and
design, since it is (i) amenable to incorporation in a vector intensity measure con-
sisting of response spectral shape and duration; and (ii) an efficient predictor of a
ground motion’s potential to cause structural collapse, quantified by its collapse in-
tensity. 5–75% significant duration, Ds5−75, was used extensively in this study since
it was judged to be slightly more robust and effective than Ds5−95, which is more
likely to be influenced by artifacts present in the record like late arrivals. Site-specific
target conditional distributions of Ds can be computed in a manner analogous to the
computation of a conditional spectrum, using the generalized conditional intensity
measure (GCIM) framework (Bradley 2010). The effect of duration can be explicitly
accounted for in structural collapse risk assessment either by (i) conducting multiple
stripe analysis (MSA) using records selected to match site-specific target conditional
distributions of Ds, in addition to target conditional spectra; or by (ii) employing the
structural reliability framework developed in Chapter 5 in conjunction with incremen-
tal dynamic analysis (IDA). The structural reliability framework involves conducting
IDA using a generic record set and fitting a linear regression model to the estimated
collapse intensities using SaRatio and Ds as predictors, to define a failure surface.
The hazard-consistent collapse fragility curve is then computed by integrating the
target distributions of SaRatio and Ds, conditional on different intensity levels, over
the failure domain. SaRatio and Ds were together demonstrated to be capable of
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explaining around 80% to 85% of the variance in the collapse intensities of ground
motions used to analyze 51 reinforced concrete moment frame buildings, as indicated
by the R2 metric from the regression analyses. Excluding either SaRatio or Ds from
the regression model was found to significantly diminish its predictive power. This
suggests that both response spectral shape and duration are important considerations
in structural design and assessment, and that the consideration of additional ground
motion characteristics is likely to produce diminishing returns.

Incorporating the cyclic deterioration in the strength and stiffness of structural
components and the destabilizing P −∆ effect of gravity loads in the nonlinear struc-
tural model was shown to be critical to adequately capture the effect of duration on
structural response. Structures that deteriorate rapidly under cyclic loading and duc-
tile structures are expected to be most strongly influenced by duration. For instance,
the effect of duration was found to be more pronounced in steel special concentrically
braced frames (SCBFs) than steel buckling-restrained braced frames (BRBFs), since
regular braces deteriorate much more rapidly under cyclic loading than buckling-
restrained braces. Most previous studies have distinguished the effect of duration
on cumulative damage metrics and peak structural deformations. They have largely
found duration to strongly influence cumulative damage metrics, but not peak struc-
tural deformations (e.g., Cornell 1997; Bommer et al. 2004; Hancock and Bommer
2006; Iervolino et al. 2006; Hancock and Bommer 2007; Oyarzo-Vera and Chouw
2008; Barbosa et al. 2014; Hou and Qu 2015). The hysteretic models used to simu-
late the behavior of the structures analyzed in this study algorithmically deteriorate
strength and stiffness based on the cumulative hysteretic energy dissipated, which
allows translating the cumulative damage experienced under cyclic loading to ampli-
fied deformations (Ibarra et al. 2005). The use of these models, therefore, allowed
quantifying the effect of duration on peak structural deformations, and consequently,
on structural collapse capacity. In addition to cyclic deterioration, the gradual uni-
directional ratcheting of drifts aided by the P − ∆ effect was also demonstrated to
drive the observed effect of duration on structural collapse capacity.

Strategies were developed to incorporate the effect of duration on structural col-
lapse capacity, in standards for structural performance assessment and design. The
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FEMA P-58 seismic performance assessment methodology describes procedures to
estimate the collapse fragility curve of a structure by conducting either MSA or an
iterative modified version of IDA. The effect of duration can be incorporated in MSA
by just selecting ground motions at each intensity level to match target conditional
distributions of duration, in addition to target conditional spectra. A simpler and
more efficient alternative to the iterative modified IDA procedure, that employs a
simplified version of the structural reliability framework developed in § 5.5.4, is pro-
posed to consider the effects of duration and response spectral shape. The proposed
procedure involves fitting a linear regression model to the ground motion collapse
intensities computed by conducting IDA, using SaRatio and Ds as predictors. The
regression surface is then used to iteratively estimate the median collapse capacity
using site-specific median SaRatio and Ds targets computed conditional on different
intensity levels. Refinements to the FEMA P695 methodology for quantifying seis-
mic performance factors were proposed, to consider the effect of duration alongside
the effect of response spectral shape. Guidelines were developed to design structural
archetypes based on the seismic hazard at actual physical locations instead of generic
MCER ground motion intensities corresponding to SDC boundaries. Three methods
of varying levels of complexity, based on the structural reliability framework, were
then proposed to modify the median collapse capacities estimated by conducting IDA
using a generic record set, to reflect the site-specific conditional median SaRatio and
Ds targets. All three methods were demonstrated to perform better than the origi-
nally proposed spectral shape factor based on ε (Baker and Cornell 2005).

A method was proposed to incorporate the effects of response spectral shape and
duration in ASCE 7-16’s ELF procedure by modifying the design base shear using site
and structural system-specific adjustment factors computed based on (i) the condi-
tional median SaRatio and Ds targets at the site; and (ii) coefficients which quantify
the magnitude of the anticipated effects of response spectral shape and duration on
the collapse capacity of the structure. The acceptance criteria used in conjunction
with ASCE 7-16’s NLRHA procedure was shown to be unable to reliably detect the
effect of duration. Hence, the effect of duration cannot be adequately accounted
for just by selecting records of appropriate durations. It is, therefore, recommended
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that the selected ground motions be scaled to an MCER level modified by the dura-
tion adjustment factor described previously as part of proposed modifications to the
ELF procedure. Additional research is required to determine whether an analogous
adjustment to the MCER level for the effect of response spectral shape is necessary.

The explicit central difference numerical time integration scheme is proposed as a
robust and efficient alternative to implicit schemes like the Newmark average accel-
eration scheme, when conducting nonlinear dynamic analyses to estimate structural
collapse capacity. Its robustness is a consequence of its non-iterative nature, which
makes it immune to numerical non-convergence issues that most implicit schemes suf-
fer from, especially when large, complex structural models are analyzed under long
duration ground motions. The common practice of interpreting persistent numerical
non-convergence encountered when using implicit schemes, as an indicator of struc-
tural collapse, was shown to result in the conservative underestimation of the median
collapse capacity of a nine-story steel moment frame building by 10%. The central
difference scheme was also shown to be more efficient than the average acceleration
scheme despite the requirement to conduct analyses using smaller time steps, in order
to satisfy its stability criterion. IDA was conducted on the nine-story steel moment
frame using 160 processors in just 32min using the central difference scheme, while
analysis using the average acceleration scheme took 118min. The longer runtime
using the average acceleration scheme is attributed to the computationally intensive
strategies employed to overcome numerical non-convergence when it is encountered.
Finally, efficient algorithms that implement dynamic load balancing techniques using
a master-slave approach, were developed to conduct MSA and IDA in parallel on
both multi-core computers and distributed parallel clusters. These algorithms are
implementable using just the basic MPI message-passing features currently available
in OpenSees.

8.3 Limitations and future work

The effect of duration on structural collapse capacity can be readily captured using
structural models that employ non-simulated failure modes, typically consisting of
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a cycle counting scheme in conjunction with a variant of Miner’s rule (Miner 1945).
Such an approach is employed in this study to model the fracture of the braces in the
steel SCBF models. Quantifying the influence of duration using models that attempt
to explicitly simulate structural collapse response, however, requires the use of so-
phisticated structural models that incorporate the anticipated strength and stiffness
deterioration of structural components under cyclic loading. The modified Ibarra-
Medina-Krawinkler (IMK) hysteretic model (Ibarra et al. 2005) used in this study
to model the hysteretic behavior of the zero-length plastic hinges located at beam-
column joints in the analyzed frame structures, is an example of such a model. The
IMK model is a phenomenological model that incorporates a post-capping negative
stiffness branch of the backbone curve to capture in-cycle deterioration, as well as an
algorithm to cyclically degrade strength and stiffness based on the cumulative hys-
teretic energy dissipated. Equations developed by Haselton et al. (2008) and Lignos
and Krawinkler (2011) were used to predict median values of the model parameters
for reinforced concrete and steel components respectively, as functions of member
and cross-section properties. These predictive equations were developed based on
data recorded from cyclic tests on beam-column joints, conducted primarily using
loading protocols developed to simulate short duration ground motions from rela-
tively small magnitude (MW < 8.0) crustal earthquakes (e.g., ATC 1992, Chapters
4 and C.4; SAC 1997, Appendix E; Krawinkler et al. 2001). Structural components
are, however, expected to exhibit different hysteretic behavior under different load-
ing protocols, specifically under those developed to simulate long duration ground
motions (Takemura and Kawashima 1997; FEMA 2009a; Krawinkler 2009; Bazaez
and Dusicka 2016). Although the IMK deterioration algorithm was designed to dy-
namically adjust the backbone curve based on the loading history to capture these
anticipated differences in the hysteretic behavior, its ability to accurately reproduce
structural response under long duration ground motions has not yet been verified.
This observation is expected to hold for most other commonly used phenomenolog-
ical deterioration algorithms as well. Hence, the applicability of commonly used
phenomenological deterioration algorithms and procedures proposed to predict their
parameters using currently available cyclic test data, in simulating structural response
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under long duration ground motions, requires further investigation. Recent findings
from experimental tests conducted by Galanis et al. (2016), which suggest that the
IMK model calibrated using equations proposed by Haselton et al. (2008) might over-
estimate the rate of cyclic deterioration in reinforced concrete structures under long
duration ground motions, highlight the need for such investigations.

These investigations would first require the development and validation of long du-
ration cyclic loading protocols, like the one recently proposed by Bazaez and Dusicka
(2016). Data from cyclic tests conducted on structural components using these long
duration loading protocols could then be used to assess the applicability of common
phenomenological deterioration algorithms and equations used to predict their pa-
rameters, when simulating structural response under long duration ground motions.
If found to be inadequate, either new prediction equations could be developed, or
the functional forms of the deterioration algorithms could be revised as necessary.
These improved hysteretic models could then be used to re-evaluate the influence of
ground motion duration on structural collapse risk using the framework developed in
this study. The perceived importance of accurately modeling strength and stiffness
deterioration also motivates the development and use of more realistic physics-based
models that explicitly capture dominant deterioration modes, including local buck-
ling and crack initiation and propagation until fracture (Krawinkler and Zohrei 1983;
Deierlein et al. 2010), instead of phenomenological models that do so implicitly. The
use of long duration loading protocols could, additionally, be mandated by standards
like AISC (2010) and ACI (2014) to qualify structural components to be used in
structures that are likely to experience long duration ground motions. Just as the ac-
knowledgement of the distinctive nature of the demands imposed by near-fault ground
motions has prompted the development and use of near-fault loading protocols, the
unique nature of the demands imposed by long duration ground motions also warrants
similar consideration.

Quantifying the influence of duration on structural collapse risk required the prob-
abilistic characterization of the durations of ground motions anticipated at various
sites. The computation of site-specific target distributions of duration using the
GCIM framework involves the use of equations to predict duration as a function of
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causal parameters like rupture mechanism, earthquake magnitude, and source-to-site
distance (e.g., Abrahamson and Silva 1996; Kempton and Stewart 2006; Bommer
et al. 2009; Afshari and Stewart 2016); and models for the correlation between the
ε-values of duration and Sa(T ) (e.g., Bradley 2011). Models are currently available
only to characterize the durations of ground motions produced by shallow crustal
earthquakes; such models have not yet been developed for interface and in-slab earth-
quakes. Therefore, the models developed for crustal earthquakes were used in this
study to characterize the durations of ground motions produced by large magnitude
(MW ∼ 9.0) interface earthquakes as well. Specifically, the Abrahamson and Silva
(1996) prediction equation was used in conjunction with the Bradley (2011) model
for the correlation between the ε-values of duration and Sa(T ). The Abrahamson and
Silva (1996) equation was chosen since it was found to predict the shortest durations
among the available alternatives for large magnitude earthquakes, which allowed the
influence of duration on structural collapse risk to be demonstrated using the most
conservative prediction model. Durations predicted by the recently developed Af-
shari and Stewart (2016) prediction equation, for instance, are much longer. Hence,
a larger effect of duration is likely to be observed if either the Afshari and Stewart
(2016) model is used, or the predictions of all available models are aggregated using
a logic tree (Kulkarni et al. 1984; Bommer 2005), to compute target distributions
of duration. The demonstrated increase in structural collapse risk at sites likely to
experience long duration ground motions from large magnitude interface earthquakes,
using the most conservative prediction equation for duration, therefore, highlights the
need to develop such models for interface earthquakes as well. Recently developed ca-
pabilities to simulate ground motions from interface earthquakes using physics-based
ground motion simulation tools (e.g., Frankel et al. 2007; Olsen et al. 2008; Skarla-
toudis et al. 2015) also demonstrate potential for future use in characterizing seismic
hazard at sites located near active subduction zones. It is worth noting that empirical
ground motion prediction equations are currently limited in their ability to capture
the amplification in the duration and response spectral ordinates of ground motions
at sites atop sedimentary basins, e.g., Seattle, Los Angeles, and Mexico City, although
some attempt to do so via a basin-depth term (Marafi et al. 2017). Physics-based
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ground motion simulations, on the other hand, show tremendous promise in quantify-
ing the seismic hazard at such sites, accounting for these basin effects (Chávez-García
and Bard 1994; Frankel 2000; Pitarka 2004; Frankel et al. 2007; Olsen et al. 2008).

The proposed recommendations to incorporate the effect of duration in the FEMA
P-58 methodology were limited to the consideration of peak story drift ratios and
structural collapse only. These recommendations could be extended to account for
residual drifts and non-structural components as well. In the strategies proposed to
incorporate the effects of response spectral shape and duration in ASCE 7-16’s ELF
procedure, k′ss and k′dur adjustment factors for the design base shear were computed
only for ductile reinforced concrete moment frame buildings. The number of steel
moment frames and braced frames analyzed were insufficient to characterize the css
and cdur coefficients used to compute these adjustment factors. Future studies could
be undertaken to characterize these coefficients for different materials and structural
systems as functions of structural characteristics, following the procedure outlined
in the Predicting css and cdur section of § 6.6.2. These coefficients could then be
used to compute design base shear adjustment factors for response spectral shape
and duration, to design these structures using the modified ELF procedure. Such
studies could also help identify materials and structural systems that are better suited
than others to resist the demands imposed by long duration ground motions. The
adjustment factors computed for reinforced concrete moment frames, however, help
provide a sense of the magnitude of the required adjustments to the design base
shear to adequately account for the effects of response spectral shape and duration.
For reasons described previously, larger adjustment factors for duration are likely
to be computed at sites in the US Pacific Northwest using prediction models other
than Abrahamson and Silva (1996), thereby requiring structures at these sites to be
designed to even larger base shears.

8.4 Concluding remarks

Previous research has demonstrated a significant influence of ground motion dura-
tion on cumulative damage metrics, but found a comparatively smaller effect on peak
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structural deformations. Hence, current standards for structural performance as-
sessment and design, which are based primarily on peak deformation demands, do
not require explicit consideration of ground motion duration. This study, however,
demonstrates the influence of duration on peak structural deformations and collapse
risk, and develops a framework to explicitly account for its effect in structural de-
sign and assessment. The findings of this study, therefore, make a strong case for
the explicit consideration of ground motion duration in structural design and assess-
ment, instead of doing so implicitly via causal parameters like earthquake magnitude,
source-to-site distance, and site Vs30. This recommendation follows a similar line
of reasoning behind the explicit, rather than implicit, consideration of ground mo-
tion response spectra in current design and assessment practice, on account of their
demonstrated influence on structural response (e.g., Shome et al. 1998; Baker and
Cornell 2006b). The primary reason for the continued emphasis on causal parame-
ters in current design and assessment standards is to capture the cumulative damage
potential of ground motions by exploiting the implicit correlation of magnitude with
ground motion duration (Bommer and Acevedo 2004). The explicit consideration of
both response spectra and duration will, however, permit the relaxation of guidelines
related to the consideration of causal parameters. Explicitly accounting for the effect
of duration using the proposed framework will ensure that structures designed at sites
likely to experience long duration ground motions have equivalent margins of safety
against collapse as structures designed at other sites likely to experience only short
duration ground motions.



Appendix A

Spectrally equivalent short and

long duration record sets

This appendix contains detailed information about the spectrally equivalent short
and long duration record sets used in Chapters 3, 5 and 6. The short duration set
consists of the 22 horizontal record pairs (44 individual records) from the FEMA P695
(FEMA 2009b) far-field record set. The ground motions in this set were recorded from
moderately large magnitude shallow crustal earthquakes and have 5–75% significant
durations (Ds5−75) lesser than 25 s. For each individual record in the short duration
set, there exists a companion long duration record, with a closely matching response
spectral shape and Ds5−75 greater than 25 s, in the spectrally equivalent long duration
set. These long duration records were recorded from large magnitude interface and
crustal earthquakes. A detailed description of the procedure employed to select the
spectrally equivalent record pairs is provided in Chapter 2/Chandramohan et al.
(2016b).

All records obtained from sources other than the PEER NGA-West2 database
Ancheta et al. 2013 were baseline corrected and filtered using the recommendations of
Boore and Bommer 2005. First, the mean of the pre-event portion of the accelerogram
was subtracted from the whole accelerogram to remove any offset in the baseline. If no
pre-event portion was detected, the mean of the entire accelerogram was subtracted.

314
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The accelerogram was then tapered using a Tukey window of taper ratio 0.05, zero-
padded as per the recommendations of Boore 2005, and filtered using an acausal,
4th order, band-pass Butterworth filter. The high-cut frequency was chosen to be
slightly smaller than the Nyquist frequency, while the low-cut frequency was chosen
by visual inspection of the Fourier amplitude spectra of the accelerograms and the
filtered velocity and displacement time histories. A low-cut frequency of 0.10Hz was
found to be adequate for processing all records, except those from the 1985 Michoacan
and 2011 Tohoku earthquakes, for which a low-cut frequency of 0.12Hz was used.

§§ A.1 and A.2 list the records in the short and long duration sets respectively,
and provide relevant metadata. The sources of the records in the long duration set
are indicated in footnotes at the end of the table. § A.3 plots the geometric mean
response spectra of all the records in the two sets. The closely overlapping curves
confirm the spectral equivalence of the two record sets. § A.4 plots the response
spectra and time histories of each of the 44 spectrally equivalent record pairs. Short
duration records are plotted in orange and long duration records in red.
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Appendix B

Computation of Sa,avg as the

geometric mean of the function

Sa(T )

Sa,avg(Tstart, Tend) is a ground motion intensity measure that represents the geometric
mean of the portion of its response spectrum that lies between the periods Tstart and
Tend. Previous studies like Baker and Cornell (2006a), Bianchini et al. (2009), and
Eads et al. (2015) have recommended computing Sa,avg(Tstart, Tend) as the sample ge-
ometric mean of response spectral ordinates, sampled at n linearly or logarithmically
spaced periods from Tstart to Tend: τ1, τ2, . . . , τn, such that τ1 = Tstart and τn = Tend:

Sa,avg(Tstart, Tend) =

(
n∏

j=1

Sa(τj)

)1/n

(B.1)

This method of computing Sa,avg, however, usually requires the additional step of
re-sampling the response spectrum at a set of n linearly or logarithmically spaced
periods between Tstart and Tend, and even deciding what value of n to use, which
has been the subject of a number of research efforts (Bianchini 2008; Eads 2013).
Using an insufficient number of periods in the calculation could lead to an inaccurate
estimate of Sa,avg.
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Sa,avg can be computed more generally, as the geometric mean of the function
Sa(T ):

Sa,avg(Tstart, Tend) = exp

(∫ Tend

Tstart
lnSa(τ)dτ

Tend − Tstart

)
(B.2)

The integral of the natural logarithm of the response spectrum can be computed
using any numerical integration scheme, like the trapezoidal rule or Simpson’s rule,
using the same set of periods the response spectrum was initially computed at. This
method requires neither the re-sampling of the response spectrum at any specific set
of periods, nor any decision regarding the number of periods to use, as long as the
general shape of the response spectrum is accurately represented.

The use of logarithmically spaced periods in Equation (B.1) results in weight-
ing shorter periods more than longer periods in the computation of Sa,avg. Since
response spectral ordinates at periods longer than the fundamental modal period of
the structure generally control its collapse response, the use of logarithmically spaced
periods, which assigns smaller weights to these longer periods, requires the use of
longer Tend values when computing Sa,avg than when using linearly spaced periods, to
be able to efficiently predict structural collapse response (Eads 2013). Depending on
the fundamental period of the structure, this often requires the use of response spec-
tral ordinates at periods longer than 10 s, which are often strongly influenced by the
low-cut filters usually employed in the baseline-correction and processing of recorded
accelerograms (Boore and Bommer 2005). Hence, the use of logarithmically spaced
periods to compute Sa,avg is discouraged. It is worth noting that Equation (B.2)
implicitly uses infinitesimal linearly spaced periods. If the use of infinitesimal log-
arithmically spaced periods is desired, Equation (B.2) can be slightly modified by
computing a weighted geometric mean instead, using 1/τ as the weighting function:

Sa,avg(Tstart, Tend) = exp

(∫ Tend

Tstart
(1/τ) lnSa(τ)dτ
∫ Tend

Tstart
(1/τ)dτ

)
(B.3)

Equation (B.1) is used to compute Sa,avg, and in turn, SaRatio, in the structural
reliability framework described in Chapter 5. Using Equation (B.2) instead, would
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require a few modifications to the procedure described in § 5.4 to compute hazard-
consistent target distributions of SaRatio and Ds. Firstly, the response spectral
ordinates constituting the vector ln IM , as described by Equation (5.2), could now
correspond to any set of arbitrarily spaced periods between Tstart and Tend: τ1, τ2, . . . ,
τn; such that τ1 = Tstart and τn = Tend. Secondly, lnSaRatio can now be computed
as

lnSaRatio = lnSa(T1)−
∫ Tend

Tstart
lnSa(τ)dτ

Tend − Tstart
(B.4)

instead of using Equation (5.8). Using any linear numerical integration scheme, the
integral in Equation (B.4) can be written as a linear combination of the logarithms
of the individual response spectral ordinates:

∫ Tend

Tstart

lnSa(τ)dτ =
n∑

j=1

αj lnSa(τj) (B.5)

where the αj depend on the specific numerical integration scheme employed. For
example, if the trapezoidal rule is used, α1 = (τ2−τ1)/2, α2 = (τ3−τ1)/2, α3 = (τ4−τ2)/2,
. . . , αn−1 = (τn−τn−2)/2, and αn = (τn−τn−1)/2. Consequently, the following definition
of the matrix A, that describes the affine transformation of ln IM | lnSa(T1) to
ln ĨM | lnSa(T1), would need to be used instead of Equation (5.10b):

A =

[
−α1/(Tstart−Tend) −α2/(Tstart−Tend) . . . −αn/(Tstart−Tend) 0

0 0 . . . 0 1

]
(B.6)



Appendix C

SaRatio and Ds targets in

Western USA

This appendix contains maps of conditional median SaRatio and significant duration
(Ds) targets in Western USA, computed at the 0.5% and 2% in 50 year hazard levels;
corresponding to site soil profiles characterized by Vs30 = 270 m/s and 760m/s; and
using conditioning periods of 0.2 s, 1.0 s, and 4.0 s. The different models used to
compute these targets are described in § 6.6.1. In line with the discussion in § 6.6.1,
SaRatio targets computed using the Zhao et al. (2006) and Abrahamson et al. (2016)
GMPEs for interface earthquakes are juxtaposed for comparison. Since the Zhao
et al. (2006) GMPE provides predictions of response spectral ordinates only until a
period of 5.0 s, the upper end of the period range used to compute the SaRatio targets
conditional on the period 4.0 s was limited to 5.0 s, instead of 3.0T = 12.0 s. Due to
similar constraints, the period range was limited to 10.0 s when Abrahamson et al.
(2016) was used. Therefore, SaRatio targets conditional on the period 4.0 s, computed
using the two GMPEs, are not directly comparable. Figure numbers corresponding
to each combination of parameters are summarized in Table C.1.
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Table C.1: Summary of the parameters used to plot each of the maps of conditional
median SaRatio and Ds targets in Appendix C.

Exceedance probability

in 50 years (%)
Vs30 (m/s)

Conditioning

period (s)
Figure

0.5 270 0.2 C.1

0.5 270 1.0 C.2

0.5 270 4.0 C.3

0.5 760 0.2 C.4

0.5 760 1.0 C.5

0.5 760 4.0 C.6

2 760 0.2 C.7

2 760 1.0 C.8

2 760 4.0 C.9
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Figure C.1: Median (a), (b) SaRatio(0.2 s, 0.04 s, 0.6 s) and (c) Ds5−75 targets in Western
USA, conditional on the exceedance of the Sa(0.2 s) values in (c). The SaRatio targets in
(a) are computed using the Abrahamson et al. (2016) GMPE for interface earthquakes, and
those in (b) are computed using Zhao et al. (2006). The Sa(0.2 s) values in (c) are exceeded

with a probability of 0.5% in 50 years. Vs30 = 270 m/s is assumed at all sites.
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Figure C.2: Median (a), (b) SaRatio(1.0 s, 0.2 s, 3.0 s) and (c) Ds5−75 targets in Western
USA, conditional on the exceedance of the Sa(1.0 s) values in (c). The SaRatio targets in
(a) are computed using the Abrahamson et al. (2016) GMPE for interface earthquakes, and
those in (b) are computed using Zhao et al. (2006). The Sa(1.0 s) values in (c) are exceeded
with a probability of 0.5% in 50 years. Vs30 = 270 m/s is assumed at all sites. This is a

copy of Figure 6.6.
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Figure C.3: Median (a) SaRatio(4.0 s, 0.8 s, 10.0 s), (b) SaRatio(4.0 s, 0.8 s, 5.0 s), and (c)
Ds5−75 targets in Western USA, conditional on the exceedance of the Sa(4.0 s) values in
(c). The SaRatio targets in (a) are computed using the Abrahamson et al. (2016) GMPE
for interface earthquakes, and those in (b) are computed using Zhao et al. (2006). The
Sa(4.0 s) values in (c) are exceeded with a probability of 0.5% in 50 years. Vs30 = 270 m/s

is assumed at all sites.
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Figure C.4: Median (a), (b) SaRatio(0.2 s, 0.04 s, 0.6 s) and (c) Ds5−75 targets in Western
USA, conditional on the exceedance of the Sa(0.2 s) values in (c). The SaRatio targets in
(a) are computed using the Abrahamson et al. (2016) GMPE for interface earthquakes, and
those in (b) are computed using Zhao et al. (2006). The Sa(0.2 s) values in (c) are exceeded

with a probability of 0.5% in 50 years. Vs30 = 760 m/s is assumed at all sites.
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Figure C.5: Median (a), (b) SaRatio(1.0 s, 0.2 s, 3.0 s) and (c) Ds5−75 targets in Western
USA, conditional on the exceedance of the Sa(1.0 s) values in (c). The SaRatio targets in
(a) are computed using the Abrahamson et al. (2016) GMPE for interface earthquakes, and
those in (b) are computed using Zhao et al. (2006). The Sa(1.0 s) values in (c) are exceeded

with a probability of 0.5% in 50 years. Vs30 = 760 m/s is assumed at all sites.
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Figure C.6: Median (a) SaRatio(4.0 s, 0.8 s, 10.0 s), (b) SaRatio(4.0 s, 0.8 s, 5.0 s), and (c)
Ds5−75 targets in Western USA, conditional on the exceedance of the Sa(4.0 s) values in
(c). The SaRatio targets in (a) are computed using the Abrahamson et al. (2016) GMPE
for interface earthquakes, and those in (b) are computed using Zhao et al. (2006). The
Sa(4.0 s) values in (c) are exceeded with a probability of 0.5% in 50 years. Vs30 = 760 m/s

is assumed at all sites.
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Figure C.7: Median (a), (b) SaRatio(0.2 s, 0.04 s, 0.6 s) and (c) Ds5−75 targets in Western
USA, conditional on the exceedance of the Sa(0.2 s) values in (c). The SaRatio targets in
(a) are computed using the Abrahamson et al. (2016) GMPE for interface earthquakes, and
those in (b) are computed using Zhao et al. (2006). The Sa(0.2 s) values in (c) are exceeded

with a probability of 2% in 50 years. Vs30 = 760 m/s is assumed at all sites.
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Figure C.8: Median (a), (b) SaRatio(1.0 s, 0.2 s, 3.0 s) and (c) Ds5−75 targets in Western
USA, conditional on the exceedance of the Sa(1.0 s) values in (c). The SaRatio targets in
(a) are computed using the Abrahamson et al. (2016) GMPE for interface earthquakes, and
those in (b) are computed using Zhao et al. (2006). The Sa(1.0 s) values in (c) are exceeded

with a probability of 2% in 50 years. Vs30 = 760 m/s is assumed at all sites.
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Figure C.9: Median (a) SaRatio(4.0 s, 0.8 s, 10.0 s), (b) SaRatio(4.0 s, 0.8 s, 5.0 s), and (c)
Ds5−75 targets in Western USA, conditional on the exceedance of the Sa(4.0 s) values in
(c). The SaRatio targets in (a) are computed using the Abrahamson et al. (2016) GMPE
for interface earthquakes, and those in (b) are computed using Zhao et al. (2006). The
Sa(4.0 s) values in (c) are exceeded with a probability of 2% in 50 years. Vs30 = 760 m/s is

assumed at all sites.
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