
INCORPORATING THE INFLUENCE OF
GROUND MOTION DURATION ON

STRUCTURAL DEFORMATION CAPACITY
IN SEISMIC DESIGN

a thesis submitted to the university of canterbury in
partial fulfillment of the requirements for the

degree of doctor of philosophy

Vishvendra Bhanu

APRIL 2022

department of civil and natural resources
engineering, university of canterbury

christchurch, new zealand





Abstract

Many high seismic hazard zones across the world, including New Zealand,
are prone to long duration ground motions generated from large magnitude earth-
quakes. Although the adverse effects of long duration on structural damage and
collapse risk have been well recognised recently, current seismic design practice
has only implicit considerations of such effects. Since modern seismic design phi-
losophy generally relies on the ability of structures to safely withstand induced
deformation demands under earthquake excitation, this study develops a method
to explicitly account for ground motion “duration” in the design process by char-
acterising its effect on structural deformation capacity.

Conventional cyclic-symmetric loading protocols used in practice for the per-
formance evaluation of structural components have significantly fewer cycles, es-
pecially at low drift levels, compared to long duration protocols representative
of seismic demands from large magnitude earthquakes. Experimental tests con-
ducted on identical reinforced concrete columns under (i) a conventional and (ii) a
long duration protocol, do not find significant differences in the levels of strength
and stiffness deterioration and ultimate deformation capacity. The results are sup-
ported by numerical simulations calibrated with experimental data and indicate
that seismic demands from conventional loading protocols are more representative
of long duration ground motions from megathrust earthquakes than short dura-
tion ground motions from crustal earthquakes. Numerical simulations based on a
popular semi-empirical prediction algorithm are found to predict the experimen-
tal results well up to the point of strength capping. A general need to refine the
prediction equations for post-capping response is highlighted.

The effect of duration on structural dynamic deformation capacity is investi-
gated for a range of modern reinforced concrete and steel moment frame buildings
and their equivalent single-degree-of-freedom systems. A robust numerical algo-
rithm is developed to estimate the dynamic deformation capacity of a structure
by conducting incremental dynamic analysis. Statistical models fit to analyses
results indicate that dynamic deformation capacity decreases with ground mo-
tion duration. These results highlight the need to explicitly consider duration in
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the design process to compensate for the lower dependable deformation capaci-
ties under longer duration ground motions. The effect of duration on dynamic
deformation capacity is not found to be highly sensitive to the following struc-
tural parameters: fundamental period of vibration, hysteretic model, and level of
ductility. This study also investigates the effect of duration on the distribution of
deformation demands along the height of multi-storey steel frames by comparing
the response under spectrally equivalent short and long duration ground motions
sets. Higher mode effects are found to increase the median drift demands at the
upper storeys of medium and high-rise steel frames under long duration records.
Thus, ground motion duration is found to affect the collapse mechanisms of such
buildings. Providing stronger beam sections at the upper storeys is demonstrated
to minimise the impact of these higher mode effects.

Based on the quantified relationship between dynamic deformation capacity
and ground motion duration, a method is proposed to explicitly account for dura-
tion in the seismic design process for new buildings in New Zealand. This method
proposes reducing the design drift limit prescribed in the New Zealand standard
NZS 1170.5 in proportion to the median duration of the anticipated ground mo-
tions at the site. Hazard-consistent collapse risk assessment of case-study designs
for a site in Nelson demonstrate that designs satisfying lower drift limits have
higher deformation capacities and lower collapse risk. The range of variation in
the mean annual frequency of collapse of structures located at sites with different
duration targets is found to be reduced with the proposed method, compared to
the current design approach. Therefore, the method proposed in this study is, on
average, found to adequately compensate for the increased likelihood of collapse
at sites anticipating long duration ground motions. The method is believed to be
(i) easy and simple for practical applications and (ii) flexible to be adopted by
other modern seismic design codes and guidelines.
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Chapter 1

Introduction

1.1 Background and Motivation

1.1.1 Ground motion duration

Duration is one of the primary characteristics of earthquake ground motion
that can influence structural response (Hancock and Bommer, 2006). The ground
motion experienced at a site due to an earthquake is a combination of many seismic
waves arriving at different instances. The duration of ground shaking depends on
the duration and time of arrival of these waves. Although low levels of shaking
can last for a long time, they are generally not of engineering interest. This
can be observed from Figure 1.1, which depicts a pair of recorded accelerograms.
Therefore, in structural engineering, the term “duration” usually refers to the
duration of the strong shaking, and this thesis follows the same.

The primary factor controlling ground motion duration is the magnitude of
the event, which is itself related to the length of the fault rupture (Bolt, 1973;
Dobry et al., 1978; Kempton and Stewart, 2006). Since larger magnitude events
are caused by longer and possibly more fault ruptures, they produce longer dura-
tion seismic waves, thereby causing longer duration ground motions (Trifunac and
Brady, 1975). Figure 1.1 shows how the duration of a ground motion recorded
from a MW 9.0 earthquake can be significantly longer compared to one from a
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Figure 1.1: Examples of recorded accelerograms from the (a) 1976 Friuli (MW 6.5)
and (b) 2011 Tohoku (MW 9.0) earthquakes.

MW 6.5 event. Long duration ground motions, therefore, are a topic of concern
mainly for regions exposed to large magnitude earthquakes, such as the Cascadia
subduction zone in North America, the Atacama trench in South America, the
Hikurangi subduction zone in Oceania and the Alpine Fault in New Zealand. Sec-
ondary factors influencing duration include the source-to-site distance, local site
conditions and basin effects (Trifunac and Brady, 1975; Novikova and Trifunac,
1994; Boore and Thompson, 2014; Choi et al., 2005). Duration increases with dis-
tance from the source for a couple of reasons: (i) longer time span for the arrival
of waves travelling at different speeds and (ii) more scattering and reflection of
waves at the interfaces and free surfaces. Softer soils also tend to increase ground
motion duration through repeated seismic wave reflections compared to relatively
stiff soil or rock layers. Similar effects are also observed at sites located above sed-
imentary basins where seismic waves can get trapped because of basin geometry
and impedance contrasts amongst differnt layers (Choi et al., 2005). Seattle and
Los Angeles in USA and Wellington in New Zealand are examples of cities where
basin effects can amplify ground motion duration and intensity.

Several metrics have been proposed to quantify the duration of a ground
motion record (Bommer and Martinez-Pereira, 1999). Some of the commonly
employed definitons are:
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1. Bracketed duration: the time interval between the first and last exceedances
of a particular acceleration threshold (e.g. 0.05 g) (Page, 1972).

2. Uniform duration: the sum of time intervals during which the record exceeds
a specified acceleration threshold (Bolt, 1973).

3. Significant duration: the interval over which a significant proportion, e.g.,
5-75%, of the integral

∫ td
0 a2(t)dt is accumulated, where a(t) is the ground

acceleration time-history and td is the total duration of the accelerogram
(Trifunac and Brady, 1975).

4. Arias intensity: π
2g
∫ td

0 a2(t)dt (Cosenza and Manfredi, 1997).

5. Cumulative absolute velocity:
∫ td

0 |a(t)|dt (Reed and Kassawara, 1990).

Over the last decade, significant duration, Ds, has become a popular metric in
structural engineering research since it extracts a continuous period of strong mo-
tion from the entire length of the record. A comparative study on the efficiency of
different duration metrics conducted by Chandramohan et al. (2016) found Ds to
be the preferred metric for structural performance assessment. 5-75% significant
duration, Ds5−75 was found to be the best correlated to structural collapse ca-
pacity and uncorrelated to ground motion intensity and response spectral shape.
Since then a majority of the studies interested in the effect of duration on struc-
tural response have employed either Ds5−75 or Ds5−95. Following the trend, the
research conducted in this thesis has consistently used Ds5−75 to quantify ground
motion duration.

New Zealand lies in the southwest Pacific Ocean and falls on the “Ring of
Fire”, which is a highly active seismic and volcanic zone. The tectonic setting
of New Zealand is dominated by the interaction between the Pacific plate and
the Australian plate. In the North Island, the Pacific plate subducts under the
Australian plate along the Hikurangi subduction zone. In the South Island, the
two plates are moving past and towards each other at the Alpine fault, which also
led to the formation of the New Zealand Alps. Although New Zealand has around
1000 active faults on and around its main islands, the hazard of large magnitude
earthquakes comes primarily from the two above-mentioned regions of Hikurangi
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subduction zone and the Alpine Fault. Chandramohan et al. (2018b) found that
major cities in the eastern part of the North Island, such as Gisborne and Napier
and near the northern part of the South Island, such as Nelson and Wellington,
are susceptible to long duration ground motions produced by a potential MW

8.4 event on the Hikurangi subduction zone. Recent developments made through
the updated New Zealand Seismic Hazard Model indicate that the likelihood of
large magnitude events along both Hikrangi subduction zone and the Alpine Fault
is higher than previously estimated, and therefore, the likelihood of experiencing
long duration ground motions is also expected to be higher for sites affected (Matt
Gerstenberger et al., 2022).

1.1.2 Influence of duration on structural response

The effect of ground motion duration on structural response is associated with
the number of inelastic loading cycles that increases with duration. Structures
have limited cumulative energy dissipation capacity which is partially exhausted
after every excursion. As stated by Krawinkler (2009), “every component has a
permanent memory of past damaging events, and at any instance in time, it will
remember all the past excursions that have contributed to the deterioration in its
state of health”. The field evidence of this is found in many earthquake sequences,
such as the Gediz (Turkey, 1990), Umbria-Marche (Italy, 1997), Canterbury (NZ,
2010-2011) and Tohoku (Japan, 2011-2012) earthquakes, where total or partial
failure of buildings was observed in an aftershock, after surviving a large main-
shock (Abdelnaby and Elnashai, 2015). A long duration record can be compated
to a combination of a few (or many) short duration records acting consecutively.
After the 2010 Maule (Chile, MW 8.8) earthquake, a common mode of failure
due to rupture of reinforcing bars in reinforced concrete (RC) wall buildings was
believed to be an effect of the large number of loading cycles (Mantawy and An-
derson, 2018). Wide-spread damage to precast floor systems due to excessive
beam elongation in RC moment frame buildings in Wellington, from 2016 Kaik-
oura (New Zealand, MW 7.8) earthquake, is also thought to be caused by it’s long
duration (Henry et al., 2017). More observational evidence of structural damage
attributed to duration is, however, not commonly found in the literature, be-
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cause large magnitude events are not as common; and distinguishing the damage
caused by duration from other ground motion characteristics such as intensity is
not straightforward.

Several studies have attempted to asses the effect of duration on various as-
pects of structural response. Until a couple of decades ago, the conclusions of
studies varied depending on the duration metric employed and the demand pa-
rameters assessed (Hancock and Bommer, 2006). Studies such as Bertero et al.
(1978), Rahnama and Manuel (1996), Cosenza et al. (2004), Iervolino et al. (2006),
Bonelli (1998) and Hancock and Bommer (2007), that focussed on peak response
measures of displacements, drifts and base shear, did not find a correlation with
duration. Conversely, various other studies such as Tang and Yao (1972), Xie
and Zhang (1988), Rahnama and Manuel (1996), Malhotra (2002), Bommer et al.
(2004), Chai (2005) and Hancock and Bommer (2007), that assessed cumulative
measures of damage and dissipated hysteretic energy, typically observed an influ-
ence of duration or the number of loading cycles.

More recently, a number of technological advances have improved the knowl-
edge on the topic significantly. Firstly, there are now recorded ground motions
available from recent large-magnitude earthquakes, such as 2004 Sumatra, In-
donesia (MW 9.1-9.3); 2008 Wenchuan, China (MW 7.9); 2010 Maule, Chile (MW

8.8); and 2011 Tohoku, Japan (MW 9.0), that have expanded the duration range
of databases and eliminated the dependence on simulated long duration ground
motions. Secondly, realistic hysteretic models have been developed, which can
simulate the cyclic strength and stiffness degradation of structural components
(Rahnama and Krawinkler, 1993; Ibarra et al., 2005; Lignos and Krawinkler,
2011; Haselton et al., 2008). Recent numerical studies that used both observed
that while longer duration shaking does not lead to higher peak demands, it
causes collapse at lower intensities (Raghunandan and Liel, 2013; Chandramo-
han et al., 2016). Raghunandan et al. (2015) also reported that the effect of
duration on collapse capacity is more pronounced in modern ductile RC frames
compared to older non-ductile frames which have limited inelastic deformation
capacity. Another important development has been the use of spectrally equiva-
lent ground motion records with different durations. Initially utilised by Foschaar
et al. (2012) and Chandramohan et al. (2016), spectrally equivalent long and
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short duration record sets have since been employed by many studies to control
the effect of spectral shape in structural performance assessment. These stud-
ies consistently reported lower median collapse capacities under long duration
records compared to spectrally equivalent short duration records for RC moment
frames (Chandramohan, 2016); steel moment frames (Chandramohan et al., 2016;
Barbosa et al., 2017; Bravo-Haro and Elghazouli, 2018; Hwang et al., 2021); RC
wall buildings (Fairhurst et al., 2019); special concentrically braced steel frames
(SCBFs) (Li et al., 2019; Hammad and Moustafa, 2020); and timber frames (Pan
et al., 2018). In addition, experimental studies have also found similar results for
RC bridge columns (Mohammed et al., 2015) and steel braced frames Hammad
and Moustafa (2019) through shake table tests. Along with the deterioration in
component strength and stiffness, the destabilising P-∆ effects of gravity loads
have also been identified to exacerbate the effect of duration on structural col-
lapse capacity (Chandramohan et al., 2017). Suita et al. (2015) is a rare example
of shake-table testing demonstrating the effects of long duration ground motion
on an 18-storey steel moment frame building. It observed that repeated inelastic
cycles can cause fracture at beam flanges and welds which can affect it’s collapse
capacity. Inamasu and Lignos (2022) and Inamasu et al. (2021) have also found
that long duration can exacerbate the extent of differential columnn axial shorten-
ing in steel columns. The consensus here seems clear that longer duration ground
motions lead to higher damage and hysteretic energy dissipation (Barbosa et al.,
2017; Raghunandan and Liel, 2013; Suzuki and Lignos, 2020), which, in turn,
leads to higher risk of collapse and economic losses (Hwang et al., 2021; Elkady
et al., 2020).

1.1.3 Influence of duration on structural deformation ca-
pacity

Laboratory testing of RC and steel structural components have frequently
found their deformation capacity to be a function of the number of applied load-
ing cycles in addition to the amplitude of the cycles (Hancock and Bommer, 2006).
Studies such as Hoshikuma et al. (1996) and Liddell et al. (2000) observed that
increasing the number of cycles at each drift level in the loading protocol signifi-
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cantly affected the ductility of RC beams and columns. Several other studies such
as Mander et al. (1994), Chai et al. (1995), El-Bahy et al. (1999) and Dutta and
Mander (2001) indicate that the displacement amplitude required to cause fail-
ure is correlated to the number of displacement cycles, similar to the fatigue-life
relation. Another recent experimental study by Ou et al. (2013) reported a 24%
reduction in the ductility capacity of RC columns subjected to a long duration
psuedo-static loading protocol, compared to a baseline loading protocol with fewer
cycles. Suzuki and Lignos (2021) also found the plastic rotation capacity of steel
columns to be two to three times lower under a collapse-consistent loading protocol
representative of a long duration event, compared to a short-duration near-fault
one. Although most of the experimental studies have evaluated static deformation
capacity, a few have also performed dynamic shake-table testing using recorded
ground motions. One example is Mohammed et al. (2015), which reported a 45%
reduction in the deformation capacity of a RC bridge column specimen subjected
to a long duration record, compared to a ten times shorter spectrally equiva-
lent record. Hammad and Moustafa (2019) is another study that found a 28%
lower displacement capacity of a SCBF specimen under a long duration record,
compared to a spectrally equivalent short duration record.

The reduction in deformation capacity with increasing number of loading cy-
cles or duration is not surprising considering the phenomenon of cyclic strength
and stiffness degradation. Ibarra et al. (2005) related the amount of strength and
stiffness lost in a cycle to the ratio of the amount of hysteretic energy dissipated
in the cycle and the total hysteretic energy dissipation capacity of the component.
Lignos and Krawinkler (2011) empirically quantified this component deterioration
for steel sections using a database of 300 tests; Haselton et al. (2008) did the same
for RC beam-column sections using a database of 255 tests. The effect of such
deterioration on deformation capacity can be appreciated from Figure 1.2, which
compares the hysteretic response of an RC column under different number of load-
ing cycles; the response has been simulated using the semi-empirical prediction
equations by Haselton et al. (2008) along with the deterioration algorithm from
Ibarra et al. (2005). The column plastic hinge reaches a point of total strength
loss at 14% drift when subjected to a loading protocol with 5 cycles at each drift
level, as shown in Figure 1.2(b), compared to 20% drift reached when applied with
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(a) (b)

Figure 1.2: Example of the hysteresis plot of an RC column under a loading protocol
with (a) 2 cycles at each drift level and (b) 5 cycles at each drift level.

2 cycles at each drift level in Figure 1.2(a). Similar observations were made by
Bravo-Haro et al. (2020) through dynamic collapse assessment of single-degree-
of-freedome (SDOF) systems. They found that the ductility levels reached up to
the point of collapse were lower under long duration records than short duration
records. Most of these studies, however, have been at the component level; the
availability of such information at the whole structure level is scarce. Although
Raghunandan and Liel (2013) and Pan et al. (2018) observed that structures col-
lapse at lower peak storey drifts under long duration ground motions for RC and
timber frames, respectively, the effect of duration on dynamic deformation capac-
ity at the whole system level has not been investigated thoroughly or rigorously
quantified.

1.1.4 Consideration of duration in current design stan-
dards

Modern seismic design codes quantify seismic hazard primarily in terms of
elastic response spectra derived through probabilistic seismic hazard analysis
(PSHA) (Standards New Zealand, 2004; ASCE, 2016; British Standard, 2005).
PSHA and its deaggregation process enable the determination of the most likely
earthquake scenario in terms of rupture mechanism, magnitude, source-to-site dis-
tance etc. (Cornell, 1968; McGuire, 2004). The code-prescribed response spectra,
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however, provide information regarding only the spectral intensity of the ground
motions anticipated from that earthquake scenario, while other relevant charac-
teristics such as duration are ignored. The New Zealand seismic design standard,
NZS 1170.5 (Standards NZ, 2004), does have a special consideration for the ef-
fect of duration on short period structures (0.0 - 0.5 s); it uses a lower weighting
for earthquakes of magnitude less than 7.5 in the PSHA process to derive the
spectra for this period range. Otherwise, in general, duration can be accounted
for at the design stage only by conducting response history analysis with hazard-
consistent ground motions and numerical models that capture in-cycle and cyclic
degradation. But ground motion selection procedures do not explicitly emphasise
the need to match duration targets representative of the hazard at the site (Ja-
yaram et al., 2011; Baker et al., 2011). Instead, the focus is usually on selecting
records from events with “seismological signature” (i.e. fault mechanism, mag-
nitude, etc.) similar to that of the most likely earthquake scenario (Standards
New Zealand, 2004; NIST, 2011). Therefore, duration is again relegated to only
implicit considerations through its correlation with its causal parameters such as
magnitude and source-to-site distance. Tarbali and Bradley (2016) demonstrated
that such an indirect and implicit approach to consider duration is not reliable.
Additionally, the acceptance criteria prescribed in design and loading standards
are predominantly around peak demand measures, such as peak forces and peak
deformations, which are found to be not significantly affected by duration. Since
cumulative demand measures are largely ignored, the process to find a way for the
explicit consideration of duration in the design method is not straightforward.

Recent discussions advocate the amendment of NZS 1170.5 to achieve a uni-
form risk-targeted objective (Horspool et al., 2021); an explicit consideration of
duration is therefore imperative. A couple of studies have proposed strategies
to incorporate the effect of duration in the US design and assessment provisions
(Liel et al., 2015; Chandramohan, 2016). Chandramohan (2016), first, quantified
the reduction in structural collapse capacity of a suite of RC frames with dura-
tion. Based on the observed relationship, it suggested to proportionally adjust
the risk-targeted maximum considered earthquake (MCER) or the design base
shear values (ASCE, 2016) to compensate for the increased likelihood of collapse
at sites expecting long duration motions. Such an approach, however, cannot be
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extended directly to other design codes that are not based on a collapse limit
state, such as NZS 1170.5 (Standards New Zealand, 2004).

1.2 Objectives

The primary objective of this dissertation is to develop a method to ex-
plicitly account for ground motion duration in the design of new build-
ings in New Zealand. The research can be divided into three main components:

1. Experimentally investigate the hysteretic response of structural components
under loading protocols representative of long duration ground motions.
This objective also seeks to validate the suitability of existing hysteretic
models and semi-empirical equations for simulating component deterioration
under cumulative demands imposed by such ground motions.

2. Quantify the influence of ground motion duration on structural deformation
capacity. Achieving this objective requires a method to numerically esti-
mate the dynamic deformation capacity of structural systems under ground
motions with a wide range of durations. Therefore, such a method will first
be developed and then applied to a suite of modern code-based RC and steel
frame buildings, and a range of SDOF systems.

3. Propose a method to explicitly incorporate the effect of duration in the NZS
1170.5 seismic design standard. This method will seek to produce building
designs with an approximately uniform level of collapse risk regardless of
the duration of ground motions anticipated at the site.

1.3 Organisation

This dissertation is divided into one introductory chapter (Chapter 1), five
body chapters (Chapter 2-6) and a concluding chapter (Chapter 7). Each body
chapter documents a separate portion of the research conducted and is intended

10



CHAPTER 1. INTRODUCTION

to be written in the form of a stand-alone paper.

Chapter 2 presents the results of experiments conducted on reinforced concrete
columns under conventional and long duration loading protocols. Key observa-
tions are made regarding the differences in hysteretic response and deformation
capacities recorded under the two protocols. The experimental results are then
compared to the predictions of existing deterioration algorithms, to test their va-
lidity for predicting response under long duration ground motions.

Chapter 3 quantifies the effect of ground motion duration on the dynamic defor-
mation capacity of RC moment frame buildings. A robust numerical algorithm
is proposed to estimate the dynamic deformation capacity of structural systems;
it is then applied to a suite of modern buildings under two spectrally equivalent
ground motion sets covering a wide range of durations.

In Chapter 4, the numerical algorithm proposed in Chapter 3 is employed to quan-
tify the effect of ground motion duration on the dynamic deformation capacity of
a suite of modern steel frame buildings. Additionally, the effect of duration on
peak deformation demands and collapse mechanisms is also investigated.

Chapter 5 presents a parametric study on the effect of duration on dynamic de-
formation capacity using SDOF systems. The parameters analysed here are: hys-
teretic model, structural period, P-∆ effects, cyclic deterioration, ductility and
post-yield stiffness.

Chapter 6 proposes a simple method to explicitly account for ground motion dura-
tion in the design of new buildings in New Zealand. Here, the results of Chapters
3, 4, and 5 are used to derive a relationship to adjust the current storey drift limit
of NZS 1170.5, based on the mean duration of anticipated ground motions at the
site. The benefits of the proposed method are assessed by conducting hazard-
consistent collapse risk assessment of a few case-study building designs.
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Chapter 7 summarises the conclusions and key contributions of this dissertation.
Avenues for future research in the subject area are also discussed.
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Chapter 2

Experimental and numerical
investigation of the hysteretic
response of reinforced concrete
columns under conventional and
long duration loading protocols

2.1 Introduction

Quasi-static cyclic testing of structural components, subassemblies and whole
systems has been one of the primary methods of investigating structural behaviour
under earthquake imposed loads. The majority of modern seismic design and as-
sessment guidelines directly or indirectly rely on information obtained from labo-
ratory testing. Although numerical simulations are becoming increasingly popular
and feasible for structural performance assessment, the information to derive and
validate both analytical and empirical models comes from experimental testing,
especially for new and innovative systems. Previous studies have indicated that
the results of such testing can be a function of the applied loading protocol (Take-
mura, 1997; Liddell et al., 2000; Krawinkler, 2009) and some structural systems
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may need to be assessed with more than one type of protocol (De Francesco and
Sullivan, 2021). Furthermore, conventional loading protocols commonly employed
in testing were derived using short duration crustal ground motions from low to
moderate magnitude earthquakes of MW ≤ 7.0 (Krawinkler, 2009). Recent stud-
ies such as Ou et al. (2013) and Bazaez and Dusicka (2016) have attempted to
develop loading protocols using relatively long duration ground motions from large
magnitude earthquakes. They found that the number of response cycles in such
protocols can be significantly higher compared to conventional protocols, espe-
cially at low displacement levels. Therefore, questions arise about the validity of
conventional protocols to assess the performance of structural components that are
likely to experience long duration ground motions. This study investigates such
questions by experimentally and numerically comparing the hysteretic response,
specifically in terms of component cyclic deterioration and deformation capacity,
of reinforced concrete (RC) columns under conventional and long duration loading
protocols.

The purpose of cyclic loading protocols is to simulate anticipated cumulative
demands from earthquakes. There are a number of loading protocols that have
been proposed in the literature depending on the material and seismic hazard
of interest (Krawinkler et al., 1983, 2000, 2001; Krawinkler, 1996; FEMA, 2007;
ACI, 2013); a majority of the protocols are symmetric and incremental in nature
for reasons described in Krawinkler (2009). The two main parameters used to
define a cyclic symmetric protocol are: (i) the deformation increments to define
each deformation level and (ii) the number of cycles at each deformation level. A
typical example of a conventional loading protocol is shown in Figure 2.1 which
is prescribed by ACI (2013) for RC elements and has 2 cycles each at deforma-
tion levels at increments of yield drift, θy. Similarly, the New Zealand loading
protocol has 2 cycles at each ductility level at increments of 2θy (Park, 1989).
A rare example of a conventional loading protocol that explicitly mentions the
consideration of long duration ground motions is the one adopted by the Public
Works Research Institute (PWRI) in Japan (Liddell et al., 2000). It prescribes the
application of ten cycles at each ductility level at increments of θy. Liddell et al.
(2000) reported a 40% reduction in the ductility capacity of RC beams tested
using the PWRI protocol compared to the NZ protocol. Significantly higher lev-
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els of pinching in the hysteresis loop and damage were also observed at similar
deformation levels under the former. Numerical studies have, however, shown
from statisical analysis of time-history response that while the number of loading
cycles at lower deformation levels is usually large, it reduces as the response goes
to higher levels (Hoshikuma et al., 1996; Ou et al., 2013; Bazaez and Dusicka,
2016). Ou et al. (2013) and Bazaez and Dusicka (2016) derived realistic loading
protocols from long duration ground motions that do not have either a uniform
number of cycles or a constant increment. Ou et al. (2013) reported a 24% re-
duction in the deformation capacity, recorded at a point of 20% drop in strength,
of a RC bridge column tested under the long duration protocol compared to a
baseline protocol. The findings of these studies indicate that using conventional
protocols for sites that have appreciable hazard from long duration ground mo-
tions might lead to an overestimation of structural capacity and therefore, an
underestimation of risk. Although some recent studies such as Suzuki and Lignos
(2020) have developed non-symmetric collapse-consistent loading protocols which
represent the demands from different types of ground motions more accurately,
their use is still not widespread. Moreover, existing experimental databases and
design and assessment guidelines are primarily based on tests employing conven-
tional symmetric loading protocols. Therefore, the focus of this study is on such
loading protocols.

A number of recent numerical studies have demonstrated the effect of ground
motion duration on the collapse and deformation capacity of a wide range of build-
ings (e.g., Raghunandan et al., 2015; Chandramohan et al., 2016; Fairhurst et al.,
2019; Pan et al., 2018; Barbosa et al., 2017; Li et al., 2019; Bhanu et al., 2021b).
The numerical algorithms employed in these studies for simulating component hys-
teretic response have generally been calibrated using test results from conventional
loading protocols. For example, several of the recent studies employ the Ibarra-
Medina-Krawinkler (IMK) hysteretic model (Ibarra et al., 2005), the deterioration
parameters for which are defined using semi-empirical equations calibrated from
conventional testing data (Haselton et al., 2008; Lignos and Krawinkler, 2011).
But the validity of such equations for the prediction of structural response under
long duration earthquakes is uncertain.

The objective of this study is to investigate the behaviour of RC columns un-
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Figure 2.1: Example of a conventional loading protocol (ACI, 2013)

der loading protocols representative of the inelastic demands from large-magnitude
subduction earthquakes. To this end, seven half-scale RC columns were tested us-
ing (i) a conventional symmetric cyclic loading protocol used in practice, and
(ii) a loading protocol representative of long duration ground motions. The hys-
teretic behaviour and the ultimate deformation capacity of identical specimens
are compared under the two loading protocols. Furthermore, this study attempts
to find out if conventional empirical equations, such as the ones from Haselton
et al. (2008), are reliable in predicting structural response under long duration
protocols. To this end, a single-degree-of-freedom (SDOF) system modelled us-
ing the IMK peak-oriented hysteretic model is employed to conduct numerical
simulations, which are then compared with the observed experimental results.
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2.2 Methodology

2.2.1 Experimental setup

The RC columns tested in this study were intended to be half scale represen-
tation of lateral load-resisting columns in multi-storey (2-5 storey) RC buildings
satisfying the minimum acceptance criteria of NZS 3101 (Standards New Zealand,
2006). Since scale effects have been found to affect experimental results, especially
at ultimate limit states, the use of half-scale specimens is a limitation of this study
which can be explored in future work. All the columns had square cross-sections
of 200 mm × 200 mm but varied in reinforcement detailing and loading, as shown
in Table 2.1; Figure 2.2 illustrates the design of the specimens tested. The column
specimens varied in height, L, from either 1.3 m to 1.2 m, which is considered to
be a realistic half-scale height to the point of contraflexure of a column responding
to an intense earthquake. Although the cross-sectional layout of the longitudinal
reinforcement is the same for all specimens, the longitudinal reinforcement con-
tent, ρl, of the columns is either 1.7% or 4.5%, depending on the diameter of the
reinforcement, db, used. A clear cover of 20 mm was uniformly applied across
all specimens. The specified characteristic compressive strength of concrete, f ′c,
was 30 MPa; the yield strength of the steel reinforcement, fy, was 500 MPa in
all tests other than T10-CP-2 and T-10-LP-2, where Grade 300 steel was used
instead. The transverse reinforcement ties were applied at a spacing of 50 mm in
the anticipated plastic hinge region at the base and at 100 mm across the rest of
the length of the column; the ties used were 6 mm in diameter and of Grade 300
steel. The axial load ratio applied, ν, varied in the range 0.12-0.40 as shown in
Table 2.1.

The test setup comprised of the column specimen firmly held by four steel
brackets on each side at the base. The steel brackets were bolted to a strong
floor and were used with an intention to simulate fixed conditions at the base of
the column. The axial load, P , was simulated through two different methods: (i)
using vertical post-tensioned strands going through the middle of the column, and
(ii) applying a vertical actuator at the top of the column, attached to a straining
beam which was pinned to the strong floor. For most of the tests, the former
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Table 2.1: Geometry, reinforcement and loading details of the test specimens. CP and
LP refer to conventional protocol and long duration loading protocol, respectively. *ν

refers to axial load ratio and is shown in parenthesis.

Code Loading L db ρl ρsh P (ν)*
Protocol (mm) (mm) (kN)

T10-CP-1 CP 1300 10 1.7% 0.97% 207 (0.17)
T10-LP-1 LP 1300 10 1.7% 0.97% 192 (0.16)
T16-CP-1 CP 1300 16 4.5% 0.97% 239 (0.20)
T16-CP-2 CP 1300 16 4.5% 0.97% 223 (0.19)
T16-LP-1 LP 1300 16 4.5% 0.97% 148 (0.12)
T10-CP-2 CP 1200 10 1.7% 0.97% 480 (0.40)
T10-LP-2 LP 1200 10 1.7% 0.97% 480 (0.40)

Point of lateral load 
applicationPairs RF6 stirrups @ 50 mm 

Single RF6 stirrups @ 100 mm 

Pairs RF6 stirrups @ 50 mm 

L

 (b)

 (c)

 (a)

Figure 2.2: Specimen design: (a) front view; and cross-sectional view with (b) db of 16
mm, and (c) db of 10 mm. All dimensions are in mm units.
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Figure 2.3: Photograph of the test setup using vertical post-tensioning for axial load
application

method with post-tensioning was used; only tests T10-CP-2 and T10-LP-2 were
performed with the latter method. A horizontal actuator was used to apply the
required cyclic loading in a displacement controlled manner.

2.2.2 Loading protocols

Two types of loading protocols were used for the testing of the columns: (i)
CP - a conventional protocol currently widely used in practice, and (ii) LP - a
long duration protocol. The CP employed in this study was based on the New
Zealand protocol (Park, 1989) and typically included two cycles at each drift level.
The drift levels were selected at increments as a function of the predicted yield
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drift (θy), ranging from 0.5θy to 2θy, and starting from θy. The LP employed in
this study was developed by Bazaez and Dusicka (2016) and is considered to be
representative of the inelastic demands of RC bridge columns subjected to long
duration ground motions caused by subduction earthquakes, such as the 2011 To-
hoku (Mw 9.0), 1985 Valparaiso (Mw 7.8) and 2010 Maule (Mw 8.8) earthquakes.
Such long duration ground motions can also be experienced in Wellington under
an interface earthquake in the Hikurangi subduction zone. The selected LP was
developed for a column with a period of vibration of 1.0 s and ductility of 8. The
first cycle in each protocol went up to 0.5θy in order to capture the elastic response
of the column and ensure that the setup is well in place. Figure 2.4 compares the
two loading protocols, CP and LP, used for the testing of identical specimens
T10-CP-1 and T10-LP-1, respectively. It can be observed from Figure 2.4 that
the number of loading cycles in the LP protocol (31) are significantly higher than
in CP (11). Another important observation is that the LP protocol has only one
cycle at high drift levels of 6θy, 8θy and 10θy. Therefore, the number of cycles
in CP were also limited to one after 6θy to ensure that the cumulative demands
from the two protocols at these high drift levels remain same and an effect of the
difference in the number of cycles at lower drift levels can be clearly observed.
Similar modifications were made in the CP protocol used during other tests, as
considered appropriate for the objective of the study, and the consequences of
these will be discussed with the results. It should be noted that the loading pro-
tocols employed here did not consider transient axial loading and rather a constant
axial load. Although it is known that dynamic overturning effects can affect the
axial load demands on columns during shaking, the use of a constant axial load
is justified here to: (a) keep the testing simple, and (b) compare the results with
previous studies in the literature, such as Haselton et al. (2008), that have largely
employed similar loading protocols.

2.3 Results and Observations

The psuedo-static experimental tests were conducted in the structural en-
gineering laboratory of University of Canterbury, NZ. Some limitations of the
testing setup led to a few uncertainties in the results obtained and are discussed
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Figure 2.4: Comparison of the CP and LP loading protocols used for the testing of
specimens T10-CP-1 and T10-LP-1, respectively.

in the following points:

1. The steel brackets used to simulate a fixed base for the specimens were
observed to allow some small lateral movement of the column base at low
displacement levels. Although comparative results are not expected to be
affected significantly by this, especially at higher drift levels, the yield dis-
placements of the columns are believed to be affected.

2. The recorded yield displacements of some of the specimens were found to
be noticeably higher than the predicted values on which the protocols were
based. This could have changed the inelastic demands imposed on the speci-
men by the protocols and its likely effect on the observed results is discussed
later.

3. The axial load applied through post-tensioning varied during the test with
the lateral displacement of the column. Therefore, a fixed axial load value
was not achieved while using this method and the P values reported in Table
2.1 are the average values recorded during the test. This is not expected
to have a large effect on comparative results as long as the two specimens
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being compared adopted the same method of axial load application.

It is advised here that future experimental studies can avoid these limitations
by: (a) using more sophisticated test setups that can provide a desired restraint
at base, (b) experimentally estimating the yield drift of one or more specimens
prior to the main run. This can be done by doing a trial run with the specimen
at low displacements up to yield, and (c) applying a constant axial load using the
alternate method suggested above i.e. with a straining beam.

2.3.1 Comparison of results under conventional and long
duration protocols

In this section hysteretic response of identical specimens is compared under
the two loading protocols. Since the primary motive here is to compare the level
of strength and stiffness degradation and ultimate deformation capacity under the
two protocols, the response of the CP columns is scaled, where required, such that
it equals to that of the corresponding LP columns at the observed yielding point
in at least one direction.

2.3.1.1 T10-CP-1 vs T10-LP-1

Specimens T10-CP-1 and T10-LP-1 were both identical and had similar av-
erage axial load ratios of 0.17 and 0.16, respectively. Figure 2.5 compares the
hysteretic response of the two specimens tested using the CP and LP protocols
shown in Figure 2.4. Both specimens are observed to be highly ductile, reaching
drift levels above 10% with less than 20% reduction in strength. Comparing the
response of the two in the positive drift direction, it can be observed that the
strength and stiffness of the columns remained similar up to around 9% drift,
which corresponds to 6θy. This indicates that the large number of initial cycles
up to 6θy in LP did not cause a greater degradation compared to CP. For the
CP specimen, during the 2nd loading cycle at 6θy, a significant drop in strength
and stiffness can be observed, compared to the 1st cycle at this level and the
LP response. The effect of this loss in strength and stiffness then can be further
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Figure 2.5: Comparison of the hysteretic response of specimens T10-CP-1 and
T10-LP-1.

seen at higher drift levels between 6θy and 10θy where the CP specimen has a
lower strength than LP. Overall, the final reduction in strength recorded at -15%
drift appears to be the same for the two specimens. Another important observa-
tion was that longitudinal bar buckling, indicated by spalling of concrete cover,
was recorded around 6θy for both the cases and this was followed by a relative
drop in strength in subsequent cycles. Also, in both the tests some longitudinal
reinforcement bars fractured in tension during the last cycle to -15% drift peak.

As observed from Figure 2.5, the predicted θy of the columns used to set
the loading protocols was found to be noticeably lower than the observed yield
displacement. This is believed to have changed the imposed inelastic demands on
the specimens from those intended by the loading protocols. The reduction in the
inelastic demands due to the underprediction of θy could have possibly affected the
two cases to a different extent owing to their different loading patterns, especially
at lower drift levels.
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Figure 2.6: Comparison of the CP and LP loading protocols used for the testing of
specimens T10-CP-2 and T10-LP-2, respectively.

2.3.1.2 T10-CP-2 vs T10-LP-2

Two identical specimens, T10-CP-2 and T10-LP-2, were tested using the
CP and LP protocols, respectively, under a fixed high axial load ratio of 0.40.
The loading protocols used for the testing are shown in Figure 2.6. T10-LP-2
was tested first and found to yield at around 2% drift which matched with the
predicted θy. The testing continued as per the LP protocol up to a peak drift
ratio of 4% when it had to be stopped due to safety concerns caused by a large
drop in strength and the high axial load acting on top. Based on the results of
T10-LP-2, two cycles were added at 1.5θy level to the CP protocol for T10-CP-2
in order to have at least a couple of inelastic cycles before the final cycles at 2θy.
The hysteretic response recorded for the two columns is plotted in Figure 2.7. The
response up to θy is found to be similar for the two specimens. The strength of the
columns started dropping immediately after θy at which point significant crushing
and spalling of cover concrete and longitudunal bar buckling was observed. This
observation can be attributed to the high axial load ratio on the specimens. The
drop in strength in the inelastic range is observed to be higher for the LP specimen
compared to the CP specimen. At the peak of the second cycle of 1.5θy for the
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Figure 2.7: Comparison of the hysteretic response of specimens T10-CP-2 and
T10-LP-2

CP specimen, its strength recorded is approximately 10% higher compared to the
LP specimen at the same level. Similarly, at the peak of the final cycle of 2θy,
T10-CP-2 is observed to have a 20% higher strength compared to T10-LP-2. As
can be observed from Figures 2.6 and 2.7, T10-CP-2 had its first inelastic cycle at
1.5θy, while T10-LP-2 had 9 inelastic cycles in the range θy-1.5θy before reaching
the same drift level. Therefore, the larger drop in strength and stiffness in T10-
LP-2 can be attributed to the many inelastic cycles at low levels. The ductility
of both the columns, corresponding to a 20% drop in strength, is observed to be
less than 2.

2.3.1.3 T16-CP-2 vs T16-LP-1

The T16 specimens had a relatively higher ρl than the T10 specimens. T16-
CP-2 and T16-LP-1 were identical in geometry and reinforcement detailing but
had moderately different axial load acting on top (ν = 0.19 vs 0.12) which should
be considered while comparing their response. Figure 2.8 plots the loading pro-
tocols used for the testing of T16-CP-2 and T16-LP-1. The CP protocol had 2
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Figure 2.8: Comparison of the CP and LP loading protocols used for the testing of
specimens T16-CP-2 and T16-LP-1, respectively.

cycles each at drift levels of θy, 2θy, 4θy, 6θy and one cycle each at 8θy and 10θy.
The LP specimen was tested up to just under 8θy because of a setup limitation.

The hysteretic response of the two specimens is compared in Figure 2.9. It
can be observed that the yield drift of the specimens was underpredicted which led
to some initial cycles in the loading protocol, intended to be inelastic, to act in the
elastic range. This reduced the overall inelastic demands on the columns compared
to what was intended by the loading protocols. The columns are observed to be
highly ductile and believed to have not reached their capping strength at 11.5%
drift in the LP case and 14% in the CP case when testing was stopped. The
response of the columns, in terms of strength and stiffness, is observed to be
similar under the two protocols.

2.3.1.4 T16-CP-1 vs T16-LP-1

Another specimen similar to T16-CP-2, T16-CP-1 was tested using a slightly
modified CP protocol. As shown in Figure 2.10, the protocol for T16-CP-1 had
only one cycle at every drift level other than at 4θy, where two cycles were ap-
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Figure 2.9: Comparison of the hysteretic response of specimens T16-CP-2 and
T16-LP-1
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Figure 2.10: Comparison of the CP and LP loading protocols used for the testing of
specimens T16-CP-1 and T16-LP-1, respectively.
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Figure 2.11: Comparison of the hysteretic response of specimens T16-CP-1 and
T16-LP-1

plied. This test was done to observe the effect of the number of cycles in the CP
protocol on the response of concrete columns. The recorded response of T16-CP-1
is compared to T16-LP-1 in Figure 2.11. Despite the relatively lower number of
cycles in the loading protocol, the hysteretic response of T16-CP-2 is observed to
be very similar to that of T16-CP-1 and T16-LP-1. Longitudinal bar buckling
was also not observed in these three cases.

Based on the comparison of the response of the three specimens, T16-CP-1,
T16-CP-2 and T16-LP-1, it can be inferred that the number and pattern of loading
cycles did not make a significant impact on the level of strength and stiffness
degradation of the columns. The reason for this inference is speculated to be the
high ductility and large pre-capping rotational capacity of the columns. As the
columns were not observed to reach the capping rotation or experience longitudinal
bar buckling, the level of hysteretic energy dissipated through the applied cycles
is expected to be marginal compared to their overall energy dissipation capacity.
Therefore, changing the number of cycles at this level of displacement did not
result in a noticeable difference in the response. The underprediction of θy for
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setting the loading protocols also led to a reduction in the inelastic demands
compared to what was intended. The higher axial load in the CP specimens (ν
= 0.19-0.20) compared to LD (0.12) should also be considered here; a similar ν
could have led to a stronger response in the CP specimens post-yield.

2.3.2 Comparison of experimental results with numerical
simulations

In this section, the recorded response of the RC columns from laboratory
testing is compared to numerically simulated response using the IMK hysteretic
model. The primary motive behind this exercise is to observe the accuracy of
the IMK hysteretic model (Ibarra et al., 2005) and the semi-emprical prediction
equations from Haselton et al. (2008) in predicting the cyclic strength and stiff-
ness degradation response of RC elements under conventional and long duration
protocols. To simulate the static response of the RC columns, an SDOF model
was developed in OpenSees (McKenna et al., 2006) and is illustrated in Figure
5.1. The model had a mass placed at the tip of a linear elastic element connected
to a fixed base through a zero-length rotational spring. The hysteretic response
of the spring was defined using the modified IMK peak-oriented model through
the parameters outlined in Table 5.1. The linear response of the columns, My

and K, was calibrated from the experimental results. All the other parameters in
Table 5.1 were estimated based on the following empirical equations proposed by
Haselton et al. (2008):

θp = 0.155(0.16)ν(0.02 + 40ρsh)0.43(0.54)0.01f ′c (2.1)

θpc = 0.76(0.031)ν(0.02 + 40ρsh)1.02 ≤ 0.10 (2.2)

λ = 30(0.3)ν (2.3)

where the notations used are defined in Table 5.1.
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Figure 2.12: Schematic of the SDOF model used to simulate the static response of RC
columns.

Table 2.2: List of parameters used to characterise the response of the IMK rotational
spring in the SDOF models.

Symbol Parameter
K Rotational stiffness
My Yield moment
Mc

My
Capping to yield strength ratio

θp Plastic rotational capacity at capping
θpc Post-capping rotational capacity
Res Residual strength ratio
λ Cyclic deterioration parameter
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Figure 2.13: Comparison of numerically simulated response using the IMK model with
experimental results for (a) T-10-LP-1 and (b) T-10-CP-1.

Mc

My
and Res were taken as 1.13 and 0.01, respectively, based on the recom-

mendations of Haselton et al. (2008). Figures 2.13 - 2.15 compare the simulated
response of the SDOF models with the recorded experimental results. It should
be noted that the yield response in the simulations was calibrated to the exper-
imental results for only one direction (+ve) and therefore, the comparisons are
discussed here primarily for the positive direction. In Figure 2.13, the simulated
response matches well with the recorded response up to around 8% drift for both
the specimens. At higher drifts, the IMK model is observed to be overestimating
the strength and stiffness degradation in comparison with the recorded response.
Similar observations can be made from Figure 2.14, where the response of speci-
mens T-16-CP-1 and T-16-LP-1 is predicted well by the IMK model up to around
10% drift. The capping rotation of specimen T-16-CP-1 is, however, observed
to be underpredicted at 10% as the column was not recorded to reach beyond
capping even up to around 14% drift. Figure 2.15 shows a significant difference
between the simulated and recorded results for T-10-LP-2 and T-10-CP-2, which
had a high axial load ratio of 0.40. It can be seen that the level of cyclic degra-
dation recorded from testing is significantly higher than predicted by the IMK
model. At the peak of the last cycle, the strength recorded in testing was around
40% lower compared to numerical simulations under both the protocols.

The observations made from the comparison of the observed and simulated
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Figure 2.14: Comparison of numerically simulated response using the IMK model with
experimental results for (a) T-16-LP-1 and (b) T-16-CP-2.
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Figure 2.15: Comparison of numerically simulated response using the IMK model with
experimental results for (a) T-10-LP-2 and (b) T-10-CP-2.
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results indicate that the numerical simulations works particularly well in predict-
ing the level of strength and stiffness degradation at deformation levels up to the
capping point and for columns with low axial load ratios (0.10 ∼ 0.20). The differ-
ences in response beyond the capping point are not surprising as the experimental
database used to develop the empirical equations in Haselton et al. (2008) had
a limited number of tests suitable for the calibration of post-capping response.
Therefore, lower-bound estimates for post-capping stiffness are considered appro-
priate for numerical simulations and are observed here in Figures 2.13 and 2.14.
At a higher axial load ratio of 0.40, however, the post-capping response predicted
by the equations underestimated the level of strength and stiffness degradation.
These results emphasise the need to refine the prediction equations through re-
calibration with more experimental data in the post-capping region. The accuracy
of the model can be said to be at similar levels for both conventional and long
duration protocols.

2.3.3 Calibrated simulations under conventional and long
duration loading protocols

The experimental testing in Section 3.1 was affected by a few issues: (i)
the underprediction of yield drift for some specimens, (ii) safety or setup issues
causing the testing to stop at displacement levels lower than intended and (iii)
variation in the applied axial load during the test and between CP and LP tests.
As discussed before, these issues led to some uncertainty in the conclusions made
from the observed results, such as the imposed inelastic loading from the loading
protocols was lower than what was intended. Since the IMK simulations are ob-
served to predict the cyclic response of the columns to a fair degree, the SDOF
model is again used here to simulate the cyclic response of the columns under the
two protocols up to collapse to overcome the limitations of the testing results.
The loading protocols are modified according to the yield displacements recorded
from testing. The IMK parameters for the rotational spring in the SDOF model
are also calibrated to match well with the recorded response (only in the positive
direction), as shown in Figure 2.16. The calibration of response parameters done
here is purely by trial and visual means as a more sophisticated calibration ap-
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Figure 2.16: Calibration of the IMK model to match the experimental results for (a)
T10-LP-1 and (b) T16-LP-1.

Table 2.3: Axial load values considered for the SDOF models (Axial load ratio is
shown in parenthesis).

Code Loading P (ν)
Protocol (kN)

T10-CP-1 CP 200 (0.17)
T10-LP-1 LP 200 (0.17)
T16-CP-2 CP 200 (0.17)
T16-LP-1 LP 200 (0.17)
T10-CP-2 CP 480 (0.40)
T10-LP-2 LP 480 (0.40)

proach is not expected to affect the conclusions significantly. A fixed and similar
value of axial load is used for both the specimens in each CP-LP pair, as indicated
in Table 2.3. The CP protocol employed here for direct comparisons with the long
duration protocol is the one proposed by ACI (2013) and shown in Figure 2.1.
This protocol is more widely used in laboratory testing globally and has higher
inelastic demands than the NZ protocol. The protocol has 2 cycles each at drift
levels of θy increments starting from θy and continuing up to a total strength loss.

The simulated response of the three CP-LP specimen pairs is compared in
Figures 2.17 - 2.19. For all the cases, the degradation in strength under LP can
be observed to be higher than CP. The difference in response is more prominent
at lower levels of displacement where LP has many more cycles than CP, thereby
causing a larger drop in strength at same displacement levels. At higher displace-
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Figure 2.17: Comparison of the simulated response of T10-CP-1 and T10-LP-1

ment levels, where the number of cycles in LP is reduced to 1 but continues to be
2 in CP, the drop in strength under CP is observed to be at a faster rate. This
effect of repeating cycles twice under CP is observed to be compensating for the
lower hysteretic energy dissipation in the initial cycles, compared to LP. There-
fore, the ultimate deformation capacity under the two protocols is not found to be
considerably different. This can be clearly observed in Figure 2.17 for T10-CP-1
and T10-LP-1, where a total strength loss occurs at almost similar displacements
for the two cases. In Figure 2.18 the ultimate deformation capacity is found to be
around 10% lower under LP compared to CP. The response of the two models in
Figure 2.19 can be observed to be relatively non-ductile because of it’s high axial
load ratio. The deformation capacity for this case was found to be approximately
25% lower under LP compared to CP and is a clear consequence of the large num-
ber of cycles (18) at levels between θy and 2θy in the former compared to only
2 cycles in the latter. It should be noted here that the LD protocol employed
here was developed for a ductility level of 8 and, therefore, is an overestimation
of cyclic demands on the specimen that had a significantly lower ductility.

The results presented here indicate that although the hysteretic energy dis-
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Figure 2.18: Comparison of the simulated response of T16-CP-1 and T16-LP-1

Figure 2.19: Comparison of the simulated response of T10-CP-2 and T10-CP-2
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sipation demand under the LP protocol is noticeably higher than CP at low dis-
placement levels, it is compensated for to a great extent at larger displacement
levels, where the number of cycles in CP is higher than LP. It should also be noted
here that the LP protocol was developed to represent the inelastic demands un-
der only long duration ground motions from megathrust subduction earthquakes.
Considering that an ideal hazard-consistent loading protocol for a site should
have a combination of different types of ground motions (crustal and subduc-
tion) depending on the contribution to the seismic hazard, the LP protocol could
be considered to be a conservative protocol even for sites with significant con-
tributions from large magnitude earthquakes. Therefore, it can be inferred that
conventional loading protocols used in pratice, such as the ACI protocol used here,
are also more representative of seismic demands from large magnitude events com-
pared to low to moderate magnitude crustal events. A recent study by Suzuki and
Lignos (2021) also reached to similar conclusions through a series of experimental
testing of steel columns. On one hand they observed that the ultimate rotational
capacity of steel columns is two to three times larger under protocols representa-
tive of near-fault events compared to conventional symmetric cyclic protocols. On
the other hand, the collapse behaviour of steel columns under conventional pro-
tocols was found to be reasonably similar to those under protocols representative
of a long-duration event. In another recent study by Rodríguez et al. (2021), the
authors developed component specific loading protocols for RC bridge columns
and found conventional loading protocols to be unrealistically more damaging
that the loading protocols they developed using an incremental dynamic analysis
based approach for crustal and intraplate earthquakes. The implications of these
findings are considered relevant for the existing seismic assessment guidelines that
define deformation acceptance criteria based on conventional testing data. Suzuki
and Lignos (2021) found that the ASCE 41 (ASCE, 2017) acceptance criteria for
collapse prevention for steel columns are many times smaller than the measured
collapse rotations under collapse-consistent loading protocols and, therefore, are
likely to be inclusive of the effect of long duration demands. Based on the findings
of this study, similar results can be expected for RC specimens as well.
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2.4 Conclusions

Seven half-scale RC columns were tested in the laboratory under (i) a conven-
tional loading protocol, CP, taken from the standard New Zealand protocol with
slight modifications and (ii) a long duration protocol, LP, representative of the
inelastic demands from large magnitude subduction earthquakes. In comparison
to CP, LP had a large number of cycles at initial drift levels up to four times of
yield drift. The hysteretic response and ultimate deformation capacity of ductile
columns were found to be similar under the two protocols, especially up to the
capping point. For columns with limited ductility due to a high axial load ratio,
the drop in strength and stiffness was observed to be noticeably higher under LP
compared to CP, which also led to a lower deformation capacity under the former.
It was also observed that a drop in strength post capping usually coincides with
longitudinal bar buckling and the effect of the number of loading cycles is more
significant after this point.

An SDOF model was employed with the IMK peak-oriented hysteretic model
to numerically simulate the response of the column specimens under the applied
protocols. The numerical simulations were found to predict the cyclic and in-cycle
strength and stiffness degradation of the columns particularly well for deformation
levels up to the capping point. The deterioration modelling of the post-capping
response, however, was found to be conservative for ductile columns and underes-
timated for non-ductile columns. These results emphasise the need to refine the
prediction equations through re-calibration with more experimental data in the
post-capping region. Overall, IMK simulations were observed to be as accurate
in predicting the response under LP as under CP.

To overcome some of the limitations encountered during the laboratory test-
ing, SDOF models recalibrated with the experimental results were employed to
simulate column response under (i) LP and (ii) a widely used CP prescribed by
ACI (2013), up to the point of a total strength loss. Comparison of the results
under the two found that the drop in strength and stiffness under LP can be no-
ticeably higher at lower inelastic drift levels compared to CP. For ductile columns
the repitition of cycles under CP, at higher drift levels, compensates for the lower
number of initial cycles to a large extent. Therefore, the ultimate deformation

38



CHAPTER 2. LONG DURATION LOADING PROTOCOLS

capacity under the two protocols was not found to be significantly different for
such columns. Therefore, it is believed that the inelastic demands from con-
ventional loading protocols are representative of long duration ground motions.
Consequently, the various acceptance criteria for deformations prescribed in cur-
rent seismic assessment guidelines, such as ASCE 41 (ASCE, 2017), are likely to
be inclusive of the effects of long duration demands.
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Chapter 3

Influence of ground motion
duration on the dynamic
deformation capacity of
reinforced concrete frame
structures

This chapter is published as:

Bhanu, V., Chandramohan, R., and Sullivan, T. S. (2021). Influence of ground
motion duration on the dynamic deformation capacity of reinforced concrete frame
structures, Earthquake Spectra 37(4), 2622–2637.

Abstract

This study investigates the influence of ground motion duration on the
dynamic deformation capacity of a suite of ten modern reinforced concrete
moment frame buildings. A robust numerical algorithm is proposed to
estimate the dynamic deformation capacity of a structure by conducting
incremental dynamic analysis. The geometric mean dynamic deformation
capacity of the considered buildings was, on average, found to be 26% lower
under long duration ground motions, compared to spectrally equivalent
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short duration ground motions. A consistent effect of duration on dynamic
deformation capacity was observed over a broad range of structural periods
considered in this study. Response spectral shape, on the other hand, was
found to not significantly influence dynamic deformation capacity. These
results indicate that the effect of duration could be explicitly considered in
seismic design codes by modifying the deformation capacities of structures.

3.1 Introduction

Data recorded from recent large magnitude earthquakes such as 2008Wenchuan,
China (MW 7.9); 2010 Maule, Chile (MW 8.8); and 2011 Tohoku, Japan (MW 9.0),
have spurred a number of research efforts into the influence of ground motion du-
ration on structural response. These studies have investigated the influence of
ground motion duration on peak and cumulative structural demand parameters
(e.g., Raghunandan and Liel, 2013; Barbosa et al., 2017), including structural col-
lapse capacity (e.g., Raghunandan et al., 2015; Chandramohan et al., 2016). A
few of these studies have translated their findings into proposals to account for
duration in design by adjusting the design strength of structures to compensate
for their increased likelihood of collapse under long duration ground motions (e.g.,
Liel et al., 2015; Chandramohan et al., 2018a). This study investigates the influ-
ence of ground motion duration on the deformation capacity of reinforced concrete
framed structures. The aim of this study is to lay the foundation for an alterna-
tive and more natural means to incorporate the effect of duration in contemporary
seismic design codes that do not specify an explicit collapse performance objective
(e.g., Standards New Zealand, 2004), by adjusting the deformation capacities of
structures instead.

The potential significance of duration on the seismic response of structures
has been recognised for some time (Liddell et al., 2000; Hancock and Bommer,
2006). Previous studies have employed both numerical simulations and experi-
mental tests to investigate the influence of duration on structural response. Stud-
ies that employed numerical simulations include Raghunandan and Liel (2013),
Raghunandan et al. (2015), Chandramohan et al. (2016), Barbosa et al. (2017),
and Bravo-Haro and Elghazouli (2018), which analysed steel and reinforced con-
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crete (RC) moment frame buildings; Fairhurst et al. (2019), which analysed RC
wall buildings; Li et al. (2019), and Hammad and Moustafa (2020), which anal-
ysed special concentrically braced steel frames and Pan et al. (2018), which looked
at timber frame buildings. These studies have consistently highlighted the need
to use numerical models that incorporate the in-cycle and cyclic degradation of
strength and stiffness of structural components (Ibarra et al., 2005), and the desta-
bilising P-∆ effect of gravity loads (Gupta and Krawinkler, 2000), to adequately
capture the effect of duration on structural response.

Although most numerical studies found no significant influence of ground
motion duration on peak structural deformation demands (e.g., Raghunandan
and Liel, 2013; Fairhurst et al., 2019), some experimental studies have observed
an effect of duration on structural deformation capacity. Laboratory tests have
consistently reported correlations between the number of loading cycles and the
ultimate deformation capacities of RC and steel structural components (Liddell
et al., 2000; Hancock and Bommer, 2006; Pujol et al., 2006; Ou et al., 2013).
Liddell et al. (2000) reported a 40% reduction in the ductility capacity of RC
beams, and Ou et al. (2013) reported a 24% reduction in the ductility capacity
of RC columns, under long duration psuedo-static loading protocols, compared to
conventional short duration loading protocols. These differences in deformation
capacities are typically attributed to the larger degradation in structural strength
and stiffness associated with an increase in the number of loading cycles (Ou et al.,
2013). Mohammed et al. (2015) reported a 45% reduction in the deformation ca-
pacity of a RC column specimen subjected to a long duration ground motion on
a shake table, compared to a spectrally equivalent short duration ground motion.
The scope of these experimental studies was, however, limited to evaluating the
effect of duration at the component level. Raghunandan and Liel (2013) observed
a slight decrease in maximum story drifts recorded at intensity levels just be-
low collapse, with duration, for a range of modern ductile and older non-ductile
RC frames. Pan et al. (2018) employed incremental dynamic analysis to analyse
timber frame structures and also found them to collapse at 12-20% lower peak
story drift ratios under long duration ground motions, compared to short duration
ground motions.

This study develops a robust procedure to numerically determine what will
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be referred to as the dynamic deformation capacity of a structure by conduct-
ing incremental dynamic analysis. This procedure is then used to evaluate the
dynamic deformation capacities of ten archetype reinforced concrete framed struc-
tures designed using modern building codes (International Code Council (ICC),
2003, 2012) at three sites in Western USA. Spectrally equivalent short and long
duration record sets are employed to assess the influence of ground motion dura-
tion on dynamic deformation capacity, while controlling for any effect of response
spectral shape.

3.2 Estimating structural dynamic deformation
capacity

The dynamic deformation capacity of a structure is defined as the largest
story drift ratio (SDR) it can safely withstand without collapsing due to dynamic
instability. It can be estimated as the largest SDR simulated when conducting
incremental dynamic analysis (IDA) (Vamvatsikos and Cornell, 2002), at ground
motion intensity levels lower than or equal to the collapse intensity. The com-
putation procedure described below is a refined version of methods previously
employed by Liel et al. (2011) and Haselton et al. (2010) to relate story and roof
drifts at the onset of collapse, to system ductility.

IDA is conducted by scaling each ground motion in a set to incrementally
higher intensity levels until the peak SDR exceeds a pre-defined threshold. A
relatively high peak SDR threshold of 20% was employed for the ductile RC frames
analysed in this study, to help minimise any dependence of the computed dynamic
deformation capacity on the chosen threshold. Suitable alternative thresholds
may, however, be used when analysing other types of structural models. The
5% damped pseudo-spectral acceleration at the fundamental modal period of the
building, Sa(T1), is used to quantify ground motion intensity, in line with current
design and assessment practice. An IDA curve is a piecewise linear plot of the
simulated peak SDR (over all stories and the entire duration of response) against
the intensity, Sa(T1), of a single ground motion. The last line segment of the IDA
curve is drawn horizontally from the highest intensity level at which a peak SDR
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Figure 3.1: Procedure to compute the dynamic deformation capacity of a structure
from an IDA curve.

lower than the threshold was observed, to indicate global dynamic instability.

Since the value of the dynamic deformation capacity as defined above is sen-
sitive to the precise definition of the structural collapse point along the IDA curve,
it was considered necessary to develop a robust definition of the collapse inten-
sity. The definition of collapse intensity proposed in this study is the intensity
corresponding to the starting point of the first line segment whose slope is either
greater than 5% of the initial elastic slope (ke) of the IDA curve or neagtive,
when tracing the IDA curve backwards from the horizontal segment. ke refers
to the slope of the first line segment when tracing the IDA curve forwards from
the origin. The dynamic deformation capacity is now computed as the largest
peak SDR value observed at ground motion intensities equal to or lower than the
collapse intensity. This method of identifying the collapse intensity and dynamic
deformation capacity is illustrated in Figure 3.1(a) for a twenty storey RC frame
with fundamental modal period of 2.3s. The method was developed to be robust
against the hardening of IDA curves, which refers to the phenomenon of observ-
ing negative IDA curve slopes, or a structure exhibiting lower peak deformations
at higher ground motion intensities (Vamvatsikos and Cornell, 2002). The com-
putation of dynamic deformation capacity for IDA curves exhibiting hardening
behaviour is illustrated in Figure 3.1(b).

The accuracy of the dynamic deformation capacity estimated using the de-
scribed procedure typically improves by reducing the Sa(T1) increments used to
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conduct IDA. Specifically, the first Sa(T1) increment should correspond to the
yield response of the structure to accurately estimate ke. Therefore, the peak
drift response at the first scaling increment should be equal to or lower than the
yield drift from a pushover analysis. The accuracy of the estimated collapse in-
tensity (and consequently the dynamic deformation capacity) can be improved
further by using fine Sa(T1) increments near the intensity level at which the peak
deformations exceed the defined threshold.

3.3 Archetype reinforced concrete frame struc-
tures

The structures analysed in this study are RC special moment resisting frames,
representative of modern seismic design practice in Western USA, previously de-
signed and analysed by Raghunandan et al. (2015) and Haselton et al. (2010). Ten
buildings were considered, ranging in height from two to twenty stories. These
buildings were designed as space frames, at sites in Los Angeles, Seattle, and Port-
land; their properties are summarised in Table 4.1. All buildings were designed for
site class D, according to the provisions of the current 2012 International Building
Code (IBC) (International Code Council (ICC), 2012), except for the twelve and
twenty story buildings, which were designed as per the 2003 IBC (International
Code Council (ICC), 2003). The two different versions of the same design code
used here, IBC 2003 and IBC 2012, are considered to be comparable and any
minor differences between the two are not expected to have a significant effect on
the results of this study. The designs incorporated capacity design requirements
to prevent column shear failure and encourage strong column-weak beam mecha-
nisms, and detailing requirements for transverse reinforcement and lap slices. All
buildings have three bays, 6.10 m (20 ft) wide, and story heights of 4.57 m (15 ft)
(first story) and 3.96 m (13 ft) (upper stories), as shown in Figure 5.1.

Two-dimensional concentrated plastic hinge models of the archetype buildings
were developed in OpenSees (McKenna et al., 2006), one of which is schemati-
cally illustrated in Figure 5.1. The hysteretic behaviour of the plastic hinges was
modelled using the Ibarra-Medina-Krawinkler peak-oriented model, which incor-
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Table 3.1: Seismic design characteristics of the archetype RC moment frame buildings
used in this study, previously designed by Raghunandan et al. (2015) and Haselton

et al. (2010).

Site Design Number ID Fundamental
MCER

*ordinates of stories modal period (s)**

Los Angeles

Ss = 2.40 g 2 LA02 0.53
S1 = 0.84 g 4 LA04 0.84

8 LA08 1.53
Ss = 1.50 g 12 LA12 2.09
S1 = 0.60 g 20 LA20 2.31

Seattle
Ss = 1.37 g 2 ST02 0.57
S1 = 0.53 g 4 ST04 0.98

8 ST08 1.76

Portland Ss = 0.98 g 2 PL02 0.61
S1 = 0.42 g 8 PL08 1.93

* Risk-targeted Maximum Considered Earthquake (MCER) spectral ordinates at T
= 0.2 s (Ss) and T = 1 s (S1) (American Society of Civil Engineers (ASCE), 2010).

** Computed from eigenvalue analysis, considering cracked concrete sections.

(4.57 m) (6.10 m)

N-1 storeys
at (3.96 m)

Gravity
Loads

Joint Panel

Beam Spring

Column Spring
Elastic Joint
Shear Spring

Leaning Column

Figure 3.2: Schematic of the reinforced concrete frame models used to analyse the
archetype structures ranging in height from 2 to 20 storeys. “N” refers to the total

number of storeys in the frame.
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porates the in-cycle and cyclic deterioration of strength and stiffness. An updated
version of this material model in OpenSees was employed in this study, which
was observed to produce noticeably different results compared to previous studies
(Raghunandan et al., 2015; Haselton et al., 2010) that analysed the same numeri-
cal models. P-∆ effects were modelled, and the destabilising effect of the adjacent
gravity frame was captured using a pin-connected leaning column. Both these
model characteristics are essential to simulate dynamic instability, and thereby
compute dynamic deformation capacity. They have also been demonstrated to be
necessary by previous studies such as Raghunandan et al. (2015) and Chandramo-
han et al. (2017), to adequately capture the effect of ground motion duration on
structural response. The shear deformation of the finite joint panels was modelled
using elastic shear springs. 5% Rayleigh damping was assigned to the periods cor-
responding to the first and third modes of the structures. Although the limitations
of the Rayleigh damping model in simulating structural response have been high-
lighted by studies such as Priestley and Grant (2005) and Petrini et al. (2008), it
is assumed here that such limitations will uniformly affect the results from the two
ground motion sets. Therefore, they are not expected to significantly influence
the conclusions of this study. The fundamental modal periods of the structures
are indicated in Table 4.1.

3.4 Ground motion sets

The ground motions used in this study comprise of 44 short duration ground
motions from the FEMA P695 (FEMA, 2009) far field set and 44 long duration
ground motions previously selected and used in Chandramohan (2016). The short
duration (SD) set consists of ground motions recorded from moderate magnitude
shallow crustal earthquakes, while the long duration (LD) set consists of ground
motions produced by large magnitude crustal and subduction earthquakes, se-
lected to have an equivalent mean response spectrum as the SD set, as described
in Chandramohan (2016) and illustrated in Figure 4.2(a). A few additional details
regarding the LD set are provided in Table 3.2; further details can be found in
Chandramohan (2016).
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Figure 3.3: (a) Comparison of the mean and ±1 standard deviation response spectra of
the long and short duration record sets, and (b) distribution of Ds5−75 of their records.

Table 3.2: Summary of the number of records from each earthquake in the long
duration record set.

Earthquake Magnitude (MW ) Number of records
1985 Valparaiso (Chile) 7.8 3
1985 Michoacan (Mexico) 8.0 1
1999 Chi-Chi (Taiwan) 7.6 2
2002 Denali (USA) 7.9 1

2003 Hokkaido (Japan) 8.3 1
2007 Chuetsu-oki (Japan) 6.6 1
2008 Wenchuan (China) 7.9 2

2010 Maule (Chile) 8.8 1
2010 El Mayor-Cucapah (USA) 7.2 1

2011 Tohoku (Japan) 9.0 31
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Duration is quantified using 5-75% significant duration (Ds5−75) (Trifunac
and Brady, 1975), which was shown by Chandramohan et al. (2016) to be an
efficient metric for structural response prediction. The records in the SD set have
Ds5−75 values shorter than 25 s, while those in the LD set have Ds5−75 values
longer than 25 s. The distribution of the Ds5−75 values of the ground motions in
the two sets is shown in Figure 4.2(b). The geometric mean Ds5−75 values of the
SD and LD sets are 5 s and 42 s respectively. Since the two sets are spectrally
equivalent, any differences observed in the simulated response of the buildings can
be attributed to the difference in their durations. The potential effects of other
ground motion characteristics, such as velocity pulses, Arias intensity, cumulative
absolute velocity, etc., are expected to be either insignificant or included through
their correlation with duration and spectral shape. Hence, such characteristics
are not explicitly considered in this study.

3.5 Influence of duration on dynamic deforma-
tion capacity

IDA was conducted to estimate the dynamic deformation capacities of the
ten RC frame models using the ground motions from the SD and LD sets. To
ensure the accurate computation of collapse intensities and dynamic deformation
capacities, a fine Sa(T1) increment of 0.10 g was used to conduct IDA for the
shorter period two, four, and eight storey frames. This Sa(T1) increment was fur-
ther reduced to 0.01 g near the collapse intensity. For the longer period twelve and
twenty story frames, an Sa(T1) increment of 0.02g was used, which was reduced to
0.005g near the collapse intensity. The explicit central difference time integration
scheme was used to conduct all analyses to ensure the results are unaffected by
numerical non-convergence (Danielson et al., 2008), which has been shown to be
responsible for the premature declaration of structural collapse in some instances
(Chandramohan, 2016).

The IDA curves for the four-story Los Angeles frame (LA04) are plotted in
Figure 3.4. The building is observed to collapse at lower intensity levels under the
long duration records than the short duration records. On average, the geometric
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Figure 3.4: IDA curves from the analysis of the LA04 RC frame (T1 = 0.8 s) using (a)
the Short Duration set, and (b) the Long Duration set.

mean collapse capacity of the 10 considered buildings is found to be 31 % lower
under the LD set as compared to the SD set. These results are generally consistent
with the findings of previous studies on the topic (Raghunandan et al., 2015;
Chandramohan et al., 2016; Bravo-Haro and Elghazouli, 2018).

Following the procedure defined earlier, the dynamic deformation capacities
of the structural models are computed using the ground motions from the SD
and LD sets. The lognormal probability distribution was found to represent the
computed dynamic deformation capacities well, as verified by visually inspecting
the quantile-quantile (QQ) plot. The fitted lognormal cumulative probability
distribution functions for the LA02 and LA20 RC frames are shown in Figure 3.5.
The median dynamic deformation capacities of the structures corresponding to
a cumulative probability of 50% are clearly observed to be lower under the long
duration ground motions, compared to the short duration ground motions.
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Figure 3.5: Lognormal cumulative probability distributions of the dynamic
deformation capacities of the (a) LA02 and (b) LA20 RC frames.

Table 4.2 summarises the median deformation capacities for the 10 frames,
which are observed to be in the range 5.5% - 9.3% for the SD set and 3.9% -
7.0% for the LD set. The hysteretic model employed in this study was calibrated
against experimental data from 255 RC column tests (Haselton et al., 2008),
wherein, 35% of the recorded θcap,pl (plastic rotation capacity) values were in the
range 5% - 10%. Additionally, the static deformation capacity, defined as the
peak SDR recorded at the point of 20% loss in strength during a nonlinear static
pushover analysis (FEMA, 2009), was computed for all 10 frames and found to
lie in the range 6.1% - 8.3%. Hence, the dynamic deformation capacities listed in
Table 4.2 are considered to lie within the range of experimental observations and
accepted definitions of structural deformation capacity.

The median dynamic deformation capacity of the two-storey LA02 frame is
estimated to be 7.0% and 9.3% using the LD and SD sets respectively. For the
twenty-storey LA20 frame, it is estimated to be 3.9% and 5.5% respectively. Since
the two record sets are spectrally equivalent, the reduction in median dynamic de-
formation capacity of 25% and 29% under the long duration ground motions, for
the two- and twenty-story RC frames respectively, can be characterised as the
effect of duration. Similar reductions in median deformation capacity are also
observed for the other structures, as indicated in Table 4.2. The decrease in de-
formation capacity under long duration ground motions can likely be attributed to
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Table 3.3: Median dynamic deformation capacities of the RC frames subjected to the
short (SD) and the long duration (LD) record sets. The percentage decrease in the
median dynamic deformation capacity under the LD set is computed with respect to
the SD set. “a” refers to the slope of the least squares regression line for the dynamic

deformation capacity vs. Ds5−75 relationship plotted in Figure 3.6.

ID
Median dynamic deformation Percentage decrease in a
capacity estimated using the median dynamic (Slope)SD set LD set deformation capacity

LA02 9.3% 7.0% 25% -0.14
LA04 8.9% 6.9% 23% -0.15
LA08 6.9% 5.4% 22% -0.14
LA12 5.8% 4.2% 28% -0.22
LA20 5.5% 3.9% 29% -0.24
ST02 8.7% 6.2% 28% -0.16
ST04 8.1% 6.1% 24% -0.15
ST08 6.4% 4.6% 29% -0.22
PL02 8.7% 6.6% 25% -0.14
PL08 6.2% 4.4% 29% -0.23

the same reasons cited by previous studies for the decrease in structural collapse
capacity under long duration ground motions: (i) cyclic deterioration in strength
and stiffness; and (ii) the ratcheting collapse mechanism (Chandramohan et al.,
2017). Preliminary investigation by the authors found that long duration ground
motions can also influence the distribution of storey drifts over frame height caus-
ing different collapse mechanisms compared to short duration ground motions. It
would be of interest to explore this point further as another possible explanation
of the observed effect of duration.

On average, the median dynamic deformation capacity under the LD set
is observed to be 26% lower than the SD set. The effect of duration on the
deformation capacities of the RC frames analysed in this study is slightly higher
than the 12-20% reduction in peak SDR at collapse observed by Pan et al. (2018)
for low-rise timber houses. The two studies are, however, not directly comparable
because they employ different record sets and procedures to estimate deformation
capacity.

To further investigate the variation in dynamic deformation capacity with du-
ration, deformation capacity is plotted against Ds5−75 for all the analysed build-

53



CHAPTER 3. DDC OF REINFORCED CONCRETE FRAME BUILDINGS

ings in Figure 3.6. The plots are presented on logarithmic axes since the durations
of anticipated ground motions conditional on a rupture are typically lognormally
distributed (Abrahamson and Silva, 1996; Kempton and Stewart, 2006; Bommer
et al., 2009), and dynamic deformation capacity has also been found to follow a
lognormal distribution. A decreasing trend in deformation capacity with Ds5−75

is evident from the plots and is in agreement with the preliminary findings of
Raghunandan and Liel (2013) .

A bilinear regression model is fit to the data points on logarithmic scales to
reconcile the fact that deformation capacity is not expected to increase indefinitely
under extremely short duration ground motions. Specifically, the deformation ca-
pacity is expected to be finite under monotonic loading. The bilinear regression
model, described by Equation 3.1, is constant for durations shorter than a critical
value and varies linearly for longer durations, indicating that deformation capac-
ity is not influenced by ground motion durations lower than the critical value.
This critical duration value is expected to be related to the fundamental modal
period of the structure, since the period determines the number and range of
deformation cycles experienced, which in turn controls the influence of duration
on structural response. In this study, the critical duration value is selected as
5T1 as this provides the best coefficient of determination (R2) values, on average,
for the regression model. Comparable R2 are also obtained by choosing period-
independent critical duration values of 4s or 5s, suggesting that further research
is necessary to characterise this quantity more precisely.

lnDynamic Deformation Capacity =

c0 + ε, if Ds5−75 ≤ 5T1

a(lnDs5−75) + c1 + ε, if Ds5−75 > 5T1
(3.1)

where c0, c1, and a are regression coefficients, and ε is the residual error term.
The decreasing trend in dynamic deformation capacity with durations longer than
the critical value is consistent with the decrease in median dynamic deformation
capacity under the LD set, compared to the SD set, indicated in Table 4.2. The
p-value (Eads et al., 2016) of the coefficient a characterising the slope of the linear
segment is found to be lower than 2.3×10−8 for all the structures, indicating that
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the observed influence of duration on dynamic deformation capacity is statistically
significant. The coefficient of determination (R2) from the regression analysis
falls in the range of 0.31-0.53 for all structures, indicating a moderate correlation
between the two parameters.

Considering the example of the LA04 frame from Figure 3.6(b), a ten-fold
increase in Ds5−75 (from 5 s to 50 s) reduces the dynamic deformation capacity
by 29% (from 9.4% to 6.7%) on average. This implies that structures designed as
per contemporary building codes, which have been historically calibrated to short
duration ground motions, are likely to exhibit proportionally lower deformation
capacities than expected under longer duration ground motions. This short dura-
tion bias is evidenced in Standards New Zealand (2004), which defines structural
ductility as âĂĲthe level of deformation that can be sustained for at least 4 cycles
without excessive degradationâĂİ, a value representative of response under short
duration ground motions.

Figures 3.7(a) and 3.7(b), plot the reduction in median dynamic deformation
capacity and collapse capacity respectively, under the LD set, against the funda-
mental modal period, T1, of the structures. While Figure 3.7(b) shows a decreasing
trend in the effect of duration on collapse capacity with increasing structural pe-
riod, Figure 3.7(a) does not indicate any clear trend for reduction in deformation
capacity, which is observed to be rather consistent over the range of periods. The
observation for collapse capacity is similar to that reported by Raghunandan et al.
(2015) and can be explained by the fact that shorter period buildings typically
experience a larger number of deformation cycles, and consequently, faster rates
of degradation, thereby increasing their sensitivity to duration. It is interesting
to note that this effect is not seen with dynamic deformation capacity, for which
the longer period eight, twelve, and twenty storey frames have reported the same
or slightly higher levels of reductions as compared to the shorter period frames. A
possible explanation for this could be the ratcheting effect caused by P-∆ forces,
which has been shown previously to enable long duration ground motions to cause
structural collapse at lower intensities (Chandramohan et al., 2017). Taller frames
are more likely to exhibit a ratcheting form of collapse. While it is possible that
this phenomenon affects deformation capacity more than collapse capacity, ad-
ditional research is needed to verify this hypothesis. The fairly consistent effect
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Figure 3.7: The observed reduction in estimated median (a) dynamic deformation
capacity, and (b) collapse capacity, computed using the LD set with respect to the SD
set is plotted against the fundamental period of vibration of the respective RC frames.

of duration observed for all 10 considered frames make it hard to evaluate the
relationship between such effect and various seismic design parameters such as
site hazard, and design base shear coefficient. While these results suggest that
the effect of duration on dynamic deformation capacity is independent of such
parameters, there is not enough evidence to support this assumption.

Previous studies investigating the influence of ground motion characteristics
on structural response have found response spectral shape to be an important
predictor of structural collapse capacity, in addition to duration (Haselton et al.,
2011; Chandramohan, 2016). Hence, the effect of response spectral shape on
dynamic deformation capacity was investigated, in an attempt to explain the
scatter in the data points in Figure 3.6. Response spectral shape is quantified
in this study by SaRatio(T1, 0.2T1, 3.0T1) (Eads et al., 2016). As described by
Equation 4.6, SaRatio(T1, 0.2T1, 3.0T1) is computed as the ratio of the spectral
acceleration at the fundamental modal period, Sa(T1), and the geometric mean of
the portion of the response spectrum lying between the periods 0.2T1 and 3.0T1,
denoted by Sa,avg(0.2T1, 3.0T1).

SaRatio(T1, 0.2T1, 3.0T1) = Sa(T1)
Sa,avg(0.2T1, 3.0T1) (3.2)
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Figure 3.8: Log-log plot of (a) Dynamic deformation capacity vs. SaRatio, and (b)
Collapse intensity vs. SaRatio for the for LA08 RC frame (T1 = 1.5 s).

The variation of dynamic deformation capacity and collapse capacity of the LA08
frame with SaRatio, is plotted in Figures 3.8(a) and 3.8(b) respectively. In agree-
ment with the findings of the previous studies, collapse capacity is observed to
increase with SaRatio. The effect of SaRatio on dynamic deformation capacity is,
however, found to be relatively small. The p-value of the slope of the least-squares
regression line is 0.08, which is relatively large, indicating that the relation is sta-
tistically insignificant. Similar results were also observed for the other analysed
structures, where little to no correlation was found between dynamic deforma-
tion capacity and SaRatio. This result implies that the conclusions of this study
would not have been affected even if the SD and LD sets were not selected to
be spectrally equivalent to each other. These results indicate that unlike collapse
intensity, the drift at which second-order moments exceed the structure’s lateral
strength capacity is not dependent on spectral shape. Also, the dynamic deforma-
tion capacity is expected to be more strongly influenced by cumulative demand
measures such as duration than peak demand measures like spectral shape.

An important caveat is that the dynamic deformation capacities presented in
this study are intended to inform the design of lateral load resisting systems of
buildings only. The numerical simulations employed in this study do not explicitly
model gravity systems. Hence, buildings whose deformation capacities are con-
trolled by components in the gravity system, such as gravity columns and precast
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diaphragms, could possess significantly different dynamic deformation capacities.
Other limitations of this study include the fact that the numerical models do not
capture component axial-flexure interaction and foundation soil-structure inter-
action. The conclusions are finally limited by the range of considered moment
frame configurations.

3.6 Conclusion

The influence of ground motion duration on the dynamic deformation capac-
ity of a suite of modern ductile reinforced concrete frame buildings was assessed
using two sets of ground motions: a short duration (SD) set and a spectrally equiv-
alent long duration (LD) set . The dynamic deformation capacity of a building is
defined as the largest story drift ratio it can safely withstand without collapsing
due to dynamic instability. A robust numerical algorithm was developed to com-
pute the dynamic deformation capacity of a structure using incremental dynamic
analysis (IDA).

The dynamic deformation capacities of the analysed structures estimated
using the LD set were found to be 26% lower than those estimated using the SD set,
on average. A consistent decreasing trend in deformation capacity with durations
(longer than a critical duration) was also observed from regression models fit to
the data. In general, the effect of duration on dynamic deformation capacity,
considered to be largely through the cyclic deterioration and the P-∆ effect, was
observed to be fairly uniform over a range of structural periods. Unlike collapse
capacity, dynamic deformation capacity was not found to be strongly influenced
by ground motion response spectral shape, quantified here by SaRatio.

Previous numerical studies have focussed on characterising the effect of dura-
tion on structural collapse capacity and incorporating this effect in building codes
via modifications to the design strength. This study employs nonlinear dynamic
analyses to demonstrate and quantify the effect of duration on structural deforma-
tion capacity instead. The findings of this study suggest that current structural
design and assessment guidelines, which are implicitly tailored to short duration
ground motions, might underestimate the seismic collapse risk of RC frame struc-
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tures at sites susceptible to long duration ground motions. This study provides
the motivation and basis for an alternative method to account for the effect of
duration by modifying the deformation capacity of a structure as a function of
the average duration of ground motion it is likely to experience.
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Chapter 4

Influence of ground motion
duration on the deformation
demands and capacities of steel
frame structures

4.1 Introduction

The effect of ground motion duration on structural response, currently not
explicitly accounted for in the design and assessment guidelines, remains to be
a topic of concern for regions expecting large magnitude earthquakes, such as
the Cascadia subduction zone in North America, the Atacama trench in South
America and the Hikurangi subduction zone in Oceania. In the past decade, a sig-
nificant number of studies have demonstrated that modern code-based structures
are prone to elevated levels of damage and collapse risk at sites susceptible to
long duration ground motions (e.g., Barbosa et al., 2017; Hammad and Moustafa,
2021). The overall consensus from these studies calls for an explicit consideration
of ground motion duration in the design and assessment methodologies to achieve
an acceptable and uniform level of risk for structures designed at different sites,
likely to experience ground motions of different durations. In a recent study on
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RC frame buildings, the authors demonstrated that such an objective can poten-
tially be achieved by modifying the deformation capacities of structures, as they
are found to reduce with increasing duration of ground motion (Bhanu et al.,
2021b). This study expands the scope of Bhanu et al. (2021b) and investigates
the influence of ground motion duration on the dynamic deformation capacity
(DDC) and demand of steel framed structures.

Recent methodological developments on the topic, such as the availability
and use of (i) recorded ground motions from recent large-magnitude earthquakes,
(ii) numerical models incorporating the in-cycle and cyclic degradation of strength
and stiffness of structural components (Ibarra et al., 2005) as well as the destabil-
ising P-∆ effect of gravity loads (Gupta and Krawinkler, 2000) and (iii) spectrally
equivalent short and long duration record sets, have led to a number of numerical
studies reporting collapse at lower intensities under long duration records as com-
pared to the short duration ones. This observation has been made for a wide range
of systems, such as reinforced concrete (RC) moment frames (Raghunandan and
Liel, 2013; Raghunandan et al., 2015; Chandramohan, 2016; Bhanu et al., 2021b),
steel moment frames (Chandramohan et al., 2016; Barbosa et al., 2017; Bravo-
Haro and Elghazouli, 2018; Hwang et al., 2021), RC wall buildings (Fairhurst
et al., 2019), special concentrically braced steel frames (SCBF) (Li et al., 2019;
Hammad and Moustafa, 2021) and timber frames (Pan et al., 2018). In addition,
a couple of experimental studies have reported similar results for reinforced con-
crete bridge columns (Mohammed et al., 2015) and steel braced frames (Hammad
and Moustafa, 2019). Hwang et al. (2021) found that the higher probability of
collapse of steel moment frame buildings under long duration events also leads
to an increase in the economic seismic losses at moderate to extreme intensity
levels. Although a few of these studies have found duration to be positively cor-
related to cumulative demand parameters such as damage indices and hysteretic
energy dissipation, these effects are not observed to translate into higher peak
demands (Barbosa et al., 2017; Raghunandan and Liel, 2013). This study further
investigates if long duration records can influence the distribution of deformation
demands along the height of multi-storey frame buildings.

The effect of the number of applied loading cycles on the static deformation
capacity of structural components has been extensively investigated through ex-
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perimental studies in the literature (Hancock and Bommer, 2006). Lignos and
Krawinkler (2011) empirically quantified the component deterioration in strength
and stiffness of steel sections through a database of 300 specimens. This cyclic and
in-cycle deterioration is believed to be the primary cause of the lower deforma-
tion capacity observed under increased numbers of loading cycles in quasi-static
testing. Recently, Suzuki and Lignos (2021) inferred through large-scale testing
of 21 specimens that the plastic rotation capacity of steel columns, recorded at
a 20% drop in maximum strength, is a function of their inherent reference en-
ergy dissipation capacity; it was observed to be two to three times lower under
a collapse-consistent loading protocol representative of a long duration event as
compared to a near-fault one. Similar observations were made in the past for
steel eccentrically braced frame links whose plastic rotation capacity was found
to be seriously affected by the cumulative demand imposed by loading protocols
(Okazaki and Engelhardt, 2007). Hammad and Moustafa (2019) performed shake
table tests on identical half-scale one-storey one-bay SCBFs with chevron brace
and reported a 28% lower displacement capacity, recorded at the point of rup-
ture, under a long duration record from 2011 Tohoku, (MW 9.0) earthquake as
compared to a 9 times shorter spectrally equivalent record. To numerically inves-
tigate such effects at the whole structure level, Bhanu et al. (2021b) developed a
refined method for estimating the DDC of a structure by conducting incremen-
tal dynamic analysis (IDA). The DDC of 10 modern code-confirming RC frames
were found to decrease with increasing ground motion duration. While similar
observations have also been made by a couple of other studies on RC and timber
frames (Raghunandan and Liel, 2013; Pan et al., 2018), the effect of duration on
the DDC of steel frames is yet to be investigated and quantified precisely.

This study follows the numerical procedure developed in Bhanu et al. (2021b)
to determine the dynamic deformation capacities of 9 archetype steel framed struc-
tures designed using modern building codes, by conducting IDA with spectrally
equivalent short and long duration record sets. Statistical regression analyis is
conducted to quantify the influence of ground motion duration on DDC. Addi-
tionally, the deformation demands and their distribution along the building height,
as well as the collapse behaviour of the multi-storey frames is compared for the
two sets in an attempt to gain a deeper understanding of the physical mechanisms
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underlying the observed effect of duration on DDC.

4.2 Archetype steel frame structures

The structures analysed in this study are steel moment resisting frames, rep-
resentative of modern, post-Northridge seismic design practice in the high seismic
regions of Western USA and New Zealand. Nine buildings were considered at
three different sites: five in Los Angeles (LA), USA, two in Seattle (ST), USA,
and two in Wellington (WT), NZ; their properties are summarised in Table 4.1.
Although the designs for buildings at different sites were based on different codes:
ASCE 7-16 (ASCE, 2016) for LA, FEMA 267 (Malley et al., 2000) for ST, and
NZS 1170.5 (Standards New Zealand, 2004) for WT, they are all expected to meet
modern capacity design and ductility requirements. The LA building designs were
obtained from a recently developed database by Guan M. EERI et al. (2021); the
ST building designs were developed for the SAC Steel Project (FEMA, 2009);
the WT buildings were designed for a previous study by Yeow et al. (2018). The
buildings vary in height from 1 to 19 storeys, storey heights ranging from 3.6 m
(11.8 ft) to 5.9 m (19.5 ft); 3 to 4 bays at width of 8.0 m (26 ft) for NZ designs
and 9.1 m (30 ft) for US designs. These ranges of values for building geometry
are considered typical of modern designs in the considered regions.

Two-dimensional nonlinear structural models of the archetype buildings were
developed in OpenSees (McKenna et al., 2006). An example schematic of the five-
storey Los Angeles frame is presented in Figure 5.1. The non-linear response of the
beams and columns is simulated using the concentrated plastic hinge modelling
approach consisting of zero-length rotational plastic springs placed at the ends
of a linear elastic element. The hysteretic behaviour of the plastic hinges is de-
fined with the modified Ibarra-Medina-Krawinkler (IMK) bilinear material model
(Ibarra et al., 2005), available as “IMKBilin” in OpenSees. This model incorpo-
rates the in-cycle and cyclic deterioration of component strength and stiffness,
with these parameters characterised based on the empirical equations provided
by Lignos and Krawinkler (2011). A pin-connected leaning column that simu-
lates the behaviour of gravity columns is modelled to account for the destabilis-
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Table 4.1: Seismic design characteristics of the archetype steel moment frame
buildings used in this study.

Site No. of ID No. of First storey Typical storey Bay width T1
*

stories bays height (m) height (m) (m) (s)

Wellington (WT) 4 WT04 3 4.5 3.6 8.0 1.16
12 WT12 4 4.5 3.6 8.0 2.09

Seattle (ST) 3 ST03 4 4.0 4.0 9.1 0.98
9 ST09 4 5.5 4.0 9.1 2.95

Los Angeles (LA)

1 LA01 3 4.0 - 9.1 0.51
1 LAA1 3 5.9 - 9.1 0.63
5 LA05 3 5.9 4.0 9.1 1.40
14 LA14 3 5.9 4.0 9.1 1.90
19 LA19 3 5.9 4.0 9.1 2.16

* Fundamental modal period computed from eigenvalue analysis.

ing P-∆ effects. Previous studies have demonstrated the relevance of modelling
P-∆ effects and component deterioration in simulating dynamic instability, espe-
cially for long duration shaking (Raghunandan et al., 2015; Chandramohan et al.,
2017). The beam-column joint panels are modelled using the “Joint2D” element
in OpenSees, where the joint is idealised as a parallelogram shaped shear panel
with beam and column elements connected to the midpoint of its sides (Altoon-
tash, 2004). The shear deformation behaviour of the joint panel is represented
through a trilinear backbone curve defined by Krawinkler (1978). The seismic
masses and gravity loads are uniformly applied to the beam-column joints. 2%
Rayleigh damping is assigned to the periods corresponding to the first and third
modes of the structures and to linear elastic elements only (Charney, 2008) and
the analyses were conducted using a large displacement coordinate transforma-
tion. To avoid any numerical non-convergence, the explicit central difference time
integration scheme was used with time-steps small enough to satisfy its stability
criteria (Danielson et al., 2008; Chandramohan, 2016). The fundamental modal
periods of the structures are indicated in Table 4.1. It should be noted that the
modelling assumptions and idealisations considered here can contribute to mod-
elling uncertainity that has previously been reported to affect structural collapse
risk and drift capacity estimations (Gokkaya et al., 2016). The impact of such
modelling uncertainties is, however, not explicitly accounted for here and is not
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Figure 4.1: Schematic of the nonlinear model used to analyse the LA05 frame.

expected to be highly relevant given the comparative nature of the study.

4.3 Ground motion sets and IDA

The two ground motion sets employed in this study have 44 ground motions
each - (i) a short duration (SD) set, and (ii) a long duration (LD) set; previously
used by a number of studies to investigate the effect of duration on structural
response (e.g., Chandramohan et al., 2016; Bhanu et al., 2021b). The SD set
consists of ground motions from the FEMA P695 far-field set (FEMA, 2009),
which were recorded from moderate magnitude shallow crustal events. The ground
motions in the LD set were produced by large magnitude crustal and subduction
earthquakes, such as the 2008 Wenchuan, China (MW 7.9), 2010 Maule, Chile
(MW 8.8), and 2011 Tohoku, Japan (MW 9.0). The two sets have an equivalent
mean response spectrum, as illustrated in Figure 4.2 taken from Bhanu et al.
(2021). Some additional details regarding the ground motions can be found in
Chandramohan (2016).

This study employs Ds5−75, the 5-75% significant duration (Trifunac and
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Figure 4.2: (a) Comparison of the mean and Âś1 standard deviation response spectra
of the long and short duration record sets, and (b) distribution of Ds5−75 of their

records. (Bhanu et al., 2021b)

Brady, 1975), to quantify duration as it has been observed to be an efficient metric
by Chandramohan et al. (2016) and the most commonly used one for structural
response prediction in the recent literature. The records in the SD set have Ds5−75

values shorter than 25 s, while those in the LD set have Ds5−75 values longer than
25 s. The distribution of the Ds5−75 of the ground motions in the two sets is shown
in Figure 4.2. The geometric mean Ds5−75 values of the SD and LD sets are 5 s
and 42 s respectively. The potential effects of other ground motion characteristics,
such as velocity pulses, Arias intensity, cumulative absolute velocity, etc., are not
explicitly considered in this study as they are expected to be either insignificant
or included through their correlation with duration and spectral shape.

Incremental dynamic analyses (IDA) (Vamvatsikos and Cornell, 2002) were
conducted to record the response of the frames at different intensity levels leading
to collapse. Collapse was identified when any storey in the frame reached a drift
threshold of 20%. The 5% damped pseudo-spectral acceleration at the funda-
mental modal period of the building, Sa(T1), was used to quantify ground motion
intensity. Sa(T1) increments of 0.04 g and 0.02 g were used to conduct IDA for
the 1-storey frames and multi-storey frames, respectively. Following the hunt and
bracket approach (Vamvatsikos and Cornell, 2002), these increments were further
reduced to 0.01 g and 0.005 g, respectively, near the collapse intensity. Using
such fine intensity increments helps with the accurate computation of collapse
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Figure 4.3: IDA curves from the analysis of the LA05 steel frame (T1 = 1.4 s) using
(a) the short duration set, and (b) the long duration set.

intensities and dynamic deformation capacities (Bhanu et al., 2021b).

The IDA curves for the 5-storey Los Angeles frame (LA05) are plotted in
Figure 4.3. The building is observed to collapse at lower intensities under the
long duration records than the short duration records on average. The geometric
mean collapse capacities of the 9 considered buildings are found to be lower under
the SD set as compared to the LD set, within the range 5% - 35%. These results
are consistent with the findings of previous studies on the topic (e.g., Bravo-Haro
and Elghazouli, 2018; Chandramohan et al., 2016; Barbosa et al., 2017).

4.4 Effect of duration on peak storey drift de-
mands

The influence of duration on individual peak storey drift ratio (PSDR) and
it’s distribution along the building height is investigated at two intensity levels:
(i) design level (DL), corresponding to 10% in 50 year probability of exceedance,
and (ii) maximum considered earthquake (MCE), corresponding to 2% in 50 year
probability of exceedance. The DL and MCE intensity levels for the US designs
are based on the ASCE 7-16 (ASCE, 2016) design response spectra and risk-
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targeted maximum considered earthquake (MCER) spectra, respectively. For the
Wellington frames, the DL and MCE levels are obtained using the NZS 1170.5
(Standards New Zealand, 2004) design spectra with return period factors (Rs)
of 1.0 and 1.8, respectively. The MCE spectra for the three sites are shown in
Figure 4.4. For clarity, it should be noted that PSDR here refers to the individual
storey demands as opposed to the peak storey drift recorded over all storeys in a
building.

The median PSDR values recorded using the two ground motion sets at the
DL and MCE levels are plotted in Figure 4.5. It should be noted that the median
values reported here are for cases given collapse has not occurred, in order to not
let the medians be affected by collapse cases. At the DL level the median PSDR
values from the two sets are found to differ by 10-20% maximum for all buildings;
the PSDR profiles along the building height are similar in shape. Although for
most of the cases, the median PSDR under the SD set are found to be of a similar
or slightly higher value than the LD set, for WT04 especially, the demands under
the LD set are consistently 10-20% higher.

At the MCE level most of the frames are again observed to have similar
median PSDR values under the two sets with maximum differences up to around
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15%. For WT12 and ST09, however, differences in median PSDR values are up
to 35%. Furthermore, for some of the frames, such as WT04, WT12, ST09 and
LA05, while the drift demands at the bottom and middle storeys are found to
be noticeably smaller under the LD set, they are similar in value or larger at the
upper storeys as compared to the SD set. Therefore, the shape of the median
PSDR profiles can be seen to be different under the two sets for some of these
frames such as WT12 and ST09. The overall peak drift demand for the multi-
storey frames is computed as the largest PSDR across all storeys. The median
of the overall peak drift demands recorded under 44 ground motions of each set
at the MCE level are also plotted in Figure 4.5 using circles. The median overall
peak drift demands for the frames at the MCE level are found to be 4%-16%
higher under the SD set for 6 out of 9 frames. Only for WT04 and WT12 the
median peak drift demand under the LD set is found to be 4% and 18% higher
than the SD set, respectively; for LA05 they are found to be the same under the
two sets. Considering that the two ground motions sets are spectrally equivalent,
any differences observed in the median drift demands can be largely attributed
to the difference in their median Ds5−75 values. Therefore, these results indicate
that, in general, long duration records do not increase the peak drift demands
significantly at either the DL or the MCE level, but they can be found to do so
for some frames, especially by changing the drift demand distribution along the
building height. This is further investigated in the next section by observing the
behaviour of the considered frames at collapse intensities.

The findings here are in agreement with the observations made by Barbosa
et al. (2017) that found peak drift demands of steel frames to not vary significantly
up to 4% drift levels under short and long duration sets. Therefore, if peak
structural demands are analysed and considered as the basis of design, the effect of
duration can neither be clearly observed nor included. But since previous studies
including Barbosa et al. (2017) have also reported that long duration records lead
to higher damage accumulation and lower collapse capacity, a need to include
cumulative demand indices in the design methodology is highlighted.

For the five LA frames and ST03, collapse was not recorded for any ground
motions at both the DL and MCE levels. For the other three frames (WT04,
WT12, and ST09), collapse cases recorded at DL were < 10% of all cases; at
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MCE collapse cases were within 25-50% of all cases and 2-3 times more under the
LD set than the SD set.

4.5 Effect of duration on collapse behaviour

To investigate the effect of duration on the collapse behaviour of multi-storey
steel frames, their response at collapse level (CL) intensities is recorded. The CL
intensities for the frames are considered here as the lowest intensity at which the
IDA curve starts to flatten. Using the method outlined in Bhanu et al. (2021b),
CL intensity is computed from IDA curves as the intensity corresponding to the
starting point of the first line segment whose slope is either greater than 5% of
the initial elastic slope of the IDA curve or negative, when tracing the IDA curve
backwards from the collapse threshold of 20% drift.

4.5.1 Peak storey drift demands

The median PSDR distribution profiles of the frames at CL intensities are
plotted in Figure 4.6. As observed from Figure 4.6, the maximum drift demand
from the median PDR profiles at CL are significantly lower under the LD set
than the SD set for all multistorey frames except WT12 and ST09. In terms of
PSDR profiles along the building height, they can be considered to be similar in
shape under the two sets for four frames - WT04, ST03, LA05 and LA14. For
the other three frames - WT12, ST09 and LA19, the shape of the PSDR profiles
are found to be different under the two sets. In general, it can be seen from
Figure 4.6 that at CL, while the peak drift demands at the bottom storeys of the
frames are significantly smaller under the LD set, they are found to be larger at
the upper storeys in comparison with the SD set. This behaviour is not recorded
in the two shorter period frames in Figures 4.6(a) and 4.6(c) and is found to
be exaggerated in the three longest period frames in Figure 4.6(b), 4.6(d) and
4.6(g). This phenomenon is also not observed in Figure 4.5 at the DL level and is
mildly noticed for some frames at the MCE level. In the past, Gupta (1999) had
noticed that tall steel frame buildings can experience increased drift demands in
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the upper storeys due to higher mode effects. This effect was found to increase
with both ground motion intensity and duration, as also observed here. Another
study by Barbosa et al. (2017) found the highest ratio of the hysteretic energy
dissipated to the total energy dissipation capacity in the upper storeys of a 9- and
a 20-storey steel frame. The energy dissipated at these storeys was also found to
be significantly higher during long duration subduction records as compared to
short duration crustal records.

Although higher mode effects are generally used in relation to elastic re-
sponse, the use of the term is found justified here because the inelastic response
of the buildings is also found to be affected by higher modes in a similar way. A
significnat presence of higher mode effects in the response of upper storeys can
be appreciated from Figure 4.7 that presents the drift histories for different level
storeys of LA19 under a record from the LD set. While storeys 1 and 10 are seen
to be responding predominantly around the fundamental period of the frame of
2.2 s, the drift response of storey 19 has a noticeable influence of shorter period
cycles. This indicates that the amplified drifts observed under the LD set at the
upper storeys of the taller steel frames in Figure 4.6 are correlated with higher
mode effects.

4.5.2 Collapse mechanism

Storey drift histories recorded at intensities causing collapse provide further
insights into the collapse mechanisms of the frames. For each frame the first
instance of storey drift ratio (SDR) reaching the threshold of 20% is recorded
as the collapse point; the corresponsing storey is termed here as the storey of
collapse. The SDR profile of the frame at collapse point helps in understanding
the collapse mechanism. The frequency of different collapse mechanisms for the
considered frames is found to vary under the two sets. Figure 4.8 illustrates the
frequency distribution of the storey of collapse under the SD and LD sets. For
example, Figure 4.8(c) shows that for the ST03 frame, storey 3 is the first to reach
the SDR threshold under all 88 ground motions from the two sets. For the other
frames, it can be observed that more collapse cases are recorded at the upper
storeys, especially the uppermost storey, under the LD set as compared to the
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SD set; the opposite is observed at the lower storeys. The predominant storey
of collapse for the three longest period frames - WT12, ST09 and LA19 is found
to be at the bottom part of the building under the SD set, while under the LD
set it is observed to be the uppermost storey. These observations indicate that
the collapse mechanisms under long durations records can vary from those under
short duration records. This is especially true for tall frames, where larger damage
and drift concentration in the upper storeys due to higher mode effects increases
the likelihood of collapse through these storeys when subjected to a large number
of cycles. Another study by Tremblay (2018) also made similar observations for
concentrically braced frame systems. It also reported that additional stiffness
provided to frames by gravity system, which remains a limitation of this study,
can potentially mitigate the consequences of higher mode effects. Therefore, this
limitation should be explored in a future study to see how it affects the conclusions
made here.

Another important observation from Figure 4.8 is that unlike WT12, ST09
and LA19, the predominant collapse mechanism of LA14, another long period tall
frame, did not change under the LD set. Figure 4.6 also shows a similar picture
in terms of PDR under the LD set, which are found to be the highest at the top
storey for WT12, ST09 and LA19 but not for LA14. A possible explanation for
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this can be that the frame sections in the top storey of LA14 are strong enough
to resist the high demands caused by long duration records. Figure 4.9 plots the
ratio of the plastic section modulus, Zx, of storey sections and Zx of sections at the
first storey for LA14, ST09 and LA19. Zx and its ratio are used here as indicators
of storey strength and relative strength, respectively. Sections assigned at upper
storeys are generally smaller than the ones at the bottom storey, therefore, Zx
can be seen to reduce along the building height for all frames in Figure 4.9. A
common difference between the relative storey strengths of ST09 and LA19 from
that of LA14 is found to be in the uppermost storey beams. For LA14, the top
storey has beam sections with a Zx value of around 45% of the first storey sections;
for ST09 and LA19 this ratio is around 20-25%. It is hypothesised here that if
beam sections with a higher Zx are provided at the uppermost storeys of ST09
and LA19, the effects of duration on their drift profiles and collapse mechanisms
can be reduced. To verify this, a modified design of ST09, Mod-ST09, is prepared
and analysed. Mod-ST09 is similar to ST09 in all aspects other than the beam
sections at the top two storeys, 8 and 9, which have been increased in size to
have a Zx value of around 50% of the first storey sections. The median PSDR
at CL and frequency distribution of the storey of collapse recorded for Mod-ST09
are presented in Figures 4.10(a) and (b), respectively. It can be observed that
increasing the beam sizes has considerably reduced the peak drift demands at the
upper storeys relative to the lower storeys. The frequency distribution of collapse
mechanism is also found to change from that of ST09 as: (i) the predominant
storey of collapse is the same under the two sets and (ii) there is no collapse
reported through storeys 6 and above under any ground motion. The relative
strength of column sections is not expected to play a major role here as long as
capacity design requirements are met and plastic hinging is largely concentrated
in beam sections.

4.5.3 Number of response cycles, Neff

To study the correlation between the number of response cycles experienced
at a storey and its likelihood of collapse, the number of effective storey drift
cycles (Neff ) is recorded for the multi-storey frames at CL intensities. From the
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several ways proposed in the literature to count the number of response cycles
(Hancock and Bommer, 2005), this study employs a displacement range counting
methodology proposed by Malhotra (2002) to determine Neff . This metric is
commonly used in the literature (e.g., Hancock and Bommer, 2005; Marder et al.,
2018) to determine Neff relative to the maximum drift. Since the maximum drift
is observed to vary for different ground motions, theNeff computed here is relative
to the storey yield drift. At first, the rainflow counting algorithm (ASTM, 2011)
is used to identify the peak-to-trough ranges from the storey drift histories. Neff

is then calculated according to Equation 4.1 by Malhotra (2002).

Neff = 1
2

n∑
i=1

∣∣∣∣∣ ui
uyield

∣∣∣∣∣
c

, (4.1)

where ui is the peak-to-trough drift in range i, uyield is the peak-to-trough drift
range for a fully reversed cycle at the storey yield drift (θy) and is taken as 2θy, n
is the number of drift ranges, and c is a constant used to give higher weighting to
larger amplitude cycles. c = 2 is used here as it is the typical value used by other
studies (Malhotra, 2002; Marder et al., 2018). θy is estimated using Equation 4.2
from Priestley et al. (2007):

θy = 0.65εyLb/hb, (4.2)

where εy is the yield strain of steel, Lb is the beam span and hb is the beam
depth. Although the actual storey yield drifts of the structural models can differ
from the calculated estimates from Equation 4.2, their relative values amongst the
different storeys in a frame are not expected to change significantly. Moreover, the
differences in the estimated and actual values are expected to equally affect the
results from the two sets, not causing any significant effect on the comparisons.

Figure 4.11 presents the calculated Neff values at different storeys of the
multi-storey frames. An expected observation from the figure is that Neff is
always larger under the LD set than the SD set. While interpreting the results, it
should be noted that the Neff metric used here has an implicit correlation with
the level of drifts recorded since a larger drift cycle will result in a higher Neff .
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Nevertheless, Neff still gives a good indication of the number of drift cycles which
can be inferred from the observation that it is higher under the LD set even for
cases where the PSDR recorded in Figure 4.6 were lower as compared to the SD
set. The only anomally is the first storey of WT12, which is reasonable as in
Figure 4.6 the median PSDR at CL under the LD set for this storey was only
1.5 times θy and considerably smaller than the SD set. It can also be observed
from Figure 4.11 that under the SD set, Neff does not vary drastically along the
building height for most of the frames; the variations under the LD set are rather
large. Higher mode effects have been reported to cause a larger number of cycles
in the upper storeys of tall frames by Gupta (1999) and this effect can also be seen
here in Figure 4.7. The highest Neff for a frame across all storeys is observed to
be at the top two storeys for six of the seven frames under the LD set. In general,
the Neff profile along the building height for all the frames are found to be very
similar to their PDR profiles in Figure 4.6 indicating that the differences in drift
profiles and predominant collapse mechanisms from the two sets are correlated
to their differences in Neff . This correlation can be explained through the IMK
hysteretic model employed in this study that incorporates cyclic strength and
stiffness degradation. The elements at storeys that experience a larger number
of cycles undergo a larger degradation in strength and stiffness and therefore
lead to higher storey drifts and a higher frequency of collapse. This is especially
true under long duration records where component capacity is more likely to be
controlled by the number of cycles it experiences.

The observations made in this section highlight some important implications
of ground motion duration effects on the design of steel frames. Higher mode ef-
fects, which are found to be significantly pronounced under long duration records,
are deemed relevant for long-period multi-storey frames. As these effects are found
to increase the number of response cycles and alter the deformation demand dis-
tribution and collapse mechanisms of structures, designers should consider them
appropriately for sites likely to experience long duration motions. As seen through
the example of Mod-ST09, this can be achieved by providing stronger sections,
in terms of strength relative to the first storey, at the top few storeys of multi-
storey frames. Stronger sections resist damage concentration by compensating for
the higher levels of cyclic degradation, thereby reducing the drift demands and
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producing desired collapse mechanisms. Though the effect of duration on peak
shear force and moment demands is not investigated in this study, it should be
considered for future work as higher mode effects can affect these as well.

4.6 Influence of duration on dynamic deforma-
tion capacity

The dynamic deformation capacity (DDC) of a structure has been defined
by the authors as the largest story drift ratio (SDR) it can safely withstand
without collapsing due to dynamic instability (Bhanu et al., 2021b). Following
the method developed in Bhanu et al. (2021b), the IDA results are used to evaluate
the DDC of the steel frame models as the largest SDR simulated at ground motion
intensity levels lower than or equal to the CL intensity. In the previous section
it was observed that that the largest SDR in the multi-storey frames can occur
at different storeys under short and long duration records leading to different
collapse mechanisms. Considering this, the DDC of the frames are estimated
here in two different ways: (i) DDCMDOF , the largest SDR simulated across all
storeys in a frame, and (ii) DDCSDOF , an equivalent single degree-of-freedom
(SDOF) measure for DDC evaluated as per Equation 6.1. Equation 6.1 estimates
DDCSDOF as the ratio of the equivalent SDOF displacement demand and effective
height, He, computed as suggested by Priestley et al. (2007).

DDCSDOF = Σmi∆2
i

Σmi∆i

/
He, (4.3)

where mi is the mass of storey i, ∆i is the peak displacement demand simulated
at storey i at the CL intensity and i ranges from 1 to the total number of storeys
in the frame. He is computed as per Equation 6.2.

He = Σmi∆iHi

Σmi∆i

, (4.4)

where Hi is the height of storey i from the ground. DDCSDOF , therefore, is a
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measure of the average storey deformation capacity along the building height.
DDCMDOF , on the other hand, is consistent with the DDC reported in Bhanu
et al. (2021b) for RC frames.

Figure 4.12 plots the fitted lognormal cumulative probability distribution
functions of DDCMDOF and DDCSDOF for the 9 frames analysed. In general,
DDCMDOF and DDCSDOF recorded using the LD set can be observed to be
lower than the SD set for all frames. Table 4.2 summarizes the geometric mean
DDCMDOF andDDCSDOF values for the two sets. The recorded medianDDCMDOF

values vary largely from frame to frame and are in the range 7%-18% for the SD
set and 5%-14% for the LD set. The two considered New Zealand frames in par-
ticular have noticeably smaller DDC values as compared to the considered US
frames. Overall, these DDC values are significantly higher than those reported
for RC frames in Bhanu et al. (2021b). This is believed to be due to: (i) the
ability of steel sections to maintain a relatively high residual strength of around
40% of its yield strength up to large rotation values (Lignos and Krawinkler, 2011)
and (ii) the larger yield drifts of steel sections in general. Although the median
DDCMDOF under the LD set is observed to be 15% lower than the SD set on
average, the range is rather large, from 4% for ST09 to 31% for WT04 and LA05,
as evident from Figure 4.12 and Table 4.2. The two longest period frames, ST09
and LA19, have minimal reduction in their median DDCMDOF under the LD set.
These frames along with WT12 were also observed to have different drift profiles
and collapse mechanisms under the two sets in Figures 4.6 and 4.8. In terms of
average capacity along the building height, however, the median DDCSDOF for
the three tallest frames is also observed to significantly reduce under the LD set.
These dissimilar results from the DDCMDOF and DDCSDOF values for the three
tall frames are believed to be a consequence of the different collapse mechanisms
under the two sets. While DDCMDOF is a good measure to compare deforma-
tion capacities under similar collapse mechanisms such as for ST03 and LA14,
DDCSDOF is found here to be a better metric for comparing multistorey frames
collapsing through different mechanisms. On average, the median DDCSDOF un-
der the LD set is found to be 30% lower than the SD set; it varies in the range
12%-45% across the 9 frames. For the rest of this paper, DDCSDOF is used to
report the deformation capacities and is referred to as DDC.
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DDCSDOF and DDCMDOF for the single storey frames are the same.
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Table 4.2: Median dynamic deformation capacities of the steel frames computed using
the SD and LD sets.

ID
Median DDCMDOF % decrease Median DDCSDOF % decrease
estimated using the in median estimated using the in median
SD set LD set DDCMDOF SD set LD set DDCSDOF

WT04 7.5% 5.2% 31% 5.3% 3.0% 44%
WT12 6.8% 5.9% 13% 5.5% 3.0% 45%
ST03 17.7% 13.2% 25% 8.6% 5.9% 32%
ST09 9.0% 8.6% 4% 5.5% 3.6% 34%
LA01 13.1% 11.1% 15% 13.1% 11.1% 15%
LAA1 15.7% 13.8% 12% 15.7% 13.8% 12%
LA05 16.7% 11.6% 31% 11.1% 7.1% 37%
LA14 13.6% 10.0% 27% 7.7% 5.7% 26%
LA19 14.5% 13.6% 6% 7.2% 5.4% 26%

Table 4.3: Slope a and Coefficient of determination R2 data from the linear regression
analysis of DDC vs. Ds5−75 data for the nine steel frames.

ID a R2

WT04 -0.31 0.63
WT12 -0.30 0.64
ST03 -0.18 0.53
ST09 -0.21 0.53
LA01 -0.09 0.38
LAA1 -0.06 0.26
LA05 -0.21 0.42
LA14 -0.16 0.35
LA19 -0.16 0.29
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To further investigate the influence of duration on DDC, a bilinear regression
model is fit to the DDC vs Ds5−75 data in Figure 4.13. This regression model,
originally developed in Bhanu et al. (2021b) and described by Equation 5.1, is
constant for durations shorter than a critical value and varies linearly for longer
durations. The critical duration value in this study is chosen to be 5s as it provided
good coefficient of determination (R2) values, on average, for the regression model;

lnDDC =

c0 + ε, if Ds5−75 ≤ 5s

a(lnDs5−75) + c1 + ε, if Ds5−75 > 5s
(4.5)

where c0, c1, and a are regression coefficients, and ε is the residual error term.

The coefficient a represents the slope of the trend in DDC with Ds5−75. The
R2 and a values from the regression analysis are reported in Table 4.3. As observed
from the results presented in Figure 4.13 and Table 4.3, the effect of duration on
DDC varies from frame to frame. The negative value of a for the frames signifies
a decreasing trend in DDC with durations longer than 5 s, as also observed for
RC frames by Bhanu et al. (2021b). The R2 falls in the range of 0.26-0.64,
indicating moderate to strong correlations between Ds5−75 and DDC. Therefore,
it can be inferred from these results that ground motion duration can affect the
dynamic deformation capacity of steel frames. This inference is supported by the
observations made by Barbosa et al. (2017) that long duration records tend to
cause higher energy dissipation and cumulative damage in steel frame members
at similar intensity or drift levels. Consequently, the reduction in deformation
capacity with duration can be attributed to the combined effect of the higher
number of response cycles along with the cyclic deterioration of strength and
stiffness of structural components. The amount of hysteretic energy dissipated
is also a function of drift levels reached as larger amplitude cycles will cause a
larger dissipation of energy. In this study it has been observed that the effect
of duration does not translate into higher drift demands until very large drift
levels, at which point collapse is approached due to the low remaining hysteretic
capacity under long duration ground motions. Another phenomenon considered
responsible for the reduced deformation capacity under longer duration motions
is the ratcheting of drifts due to second-order P −∆ effect, which also increases
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with deformation levels. Ratcheting has previously been found to be exacerbated
under long duration records (Chandramohan et al., 2017) and is believed to cause
localised accumulation of damage in structural components.

To investigate the relationship between structural period and the effect of
duration, slope “−a” is plotted against T1 in Figure 5.5. There is no trend observed
against period across the 9 frames, which differ slightly in some geometrical and
design parameters, such as storey height, bay width, design intensities, etc., that
could also play a role in the observed effect of duration. In general, a is recorded
to be the lowest for the two single-storey frames, LA01 and LAA1. Amongst the
multi-storey frames, the largest reduction in DDC with duration is observed for
the two New Zealand frames, WT04 and WT12, where a three times increase
in Ds5−75, for e.g. from 5 s to 15 s, can lead to about 30% reduction in DDC.
The a values for the five multi-storey US frames are observed to be lower than
the NZ frames and vary in a small range 0.16-0.21. The lower a values for the
two single-storey frames can be attributed to the fact that they are expected to
experience relatively lower levels of P −∆ forces. The difference in the a values
recorded for the NZ frames from the US frames is, however, unclear at this point
and should be explored in a future study.

In terms of other ground motion characteristics, response spectral shape has
been found to be a strong predictor of collapse intensities (Eads et al., 2016;
Chandramohan et al., 2016; Bhanu et al., 2021b). Bhanu et al. (2021b), how-
ever, found it to have no significant effect on the DDC of RC Frames. These
points are further investigated here for steel frames. Following the approach
of other studies in the literature, response spectral shape is quantified here us-
ing SaRatio(T1, 0.2T1, 3.0T1) (Eads et al., 2016). As described by Equation 4.6,
SaRatio(T1, 0.2T1, 3.0T1) is computed as the ratio of the spectral acceleration at
the fundamental modal period, Sa(T1), and the geometric mean of the portion
of the response spectrum lying between the periods 0.2T1 and 3.0T1, denoted by
Sa,avg(0.2T1, 3.0T1). It should be noted here that there is some uncertainty around
the period range over which spectral shape should be examined. Although 0.2T1

to 3.0T1 is used here to be consistent with previous studies such as Chandramo-
han (2016), this range can be quite large for long period structures and extends
to long periods (3.0T1) at which response spectrum might not be well correlated
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to structural response.

SaRatio(T1, 0.2T1, 3.0T1) = Sa(T1)
Sa,avg(0.2T1, 3.0T1) (4.6)

The correlation between DDC and SaRatio is evaluated by performing a
linear regression analysis. Figures 4.15(a) and 4.15(b) plot the variation in DDC
with SaRatio along with the least squares regression line for the LA05 and LA19
frames, repectively. It can be observed that DDC is not affected by SaRatio for the
two frames. R2 values presented in Table 4.4 indicate no dependence of DDC on
SaRatio for all frames except WT04. Similarly, the variation of collapse intensity
of the LA05 frame with SaRatio and Ds5−75, is plotted in Figure 4.16a and 4.16b,
respectively. In line with the findings of previous studies, both SaRatio andDs5−75

are found to influence collpase intensity, positively and negatively, respectively.
The R2 data from linear regression analysis for the nine frames is provided in Table
4.4. While SaRatio is found to be moderately to strongly correlated to collapse
intensity for most of the frames, Ds5−75 is observed to have a relatively weaker
correlation; collapse intensities of 4 frames, over a range of periods, were not found
to be significantly affected by Ds5−75. Recently, Chase et al. (2021) found similar
results for light-frame wood buildings, where collapse intensities were found to be
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Figure 4.15: Log-log plot of dynamic deformation capacity vs. SaRatio for the (a)
LA05, and (b) LA19 steel frames.

strongly correlated to SaRatio and weakly affected by Ds5−75. In another study
by the authors on RC frame buildings analysed in Bhanu et al. (2021b), collapse
intensities were found to be more strongly correlated to SaRatio than Ds5−75.
On the other hand, structural dynamic deformation capacity was observed to be
strongly influenced by duration and unaffected by response spectral shape as also
observed here for steel frames from Figures 4.13 and 4.15 and Table 4.4.

4.7 Conclusion

This study assessed the effect of ground motion duration on the deformation
demands and capacities of 9 modern ductile steel frame buildings using two sets
of ground motions: a short duration (SD) set and a spectrally equivalent long
duration (LD) set. IDA was conducted to record the response of the frames at
different intensity levels up to collapse. The influence of duration on peak storey
drift demands and its distribution along the building height was investigated at
three intensity levels: (i) design level, DL, (ii) MCE and (iii) collapse level. The
dynamic deformation capacities (DDC) of the frames were computed as the largest
SDR simulated without collapsing during IDA.

The median peak drift demand and its profile were found to be similar in value
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Figure 4.16: Log-log plot of variation of collapse intensity of the LA05 frame with (a)
SaRatio and (b) Ds5−75.

Table 4.4: Coefficient of determination (R2) data from linear regression analysis for
the nine steel frames

ID
R2

DDC Collapse intensity Collapse intensity
vs.SaRatio vs.SaRatio vs. Ds5−75

WT04 0.15 0.61 0.32
WT12 0.00* 0.33 0.15
ST03 0.00* 0.35 0.22
ST09 0.00* 0.11 0.14
LA01 0.00* 0.74 0.03*
LAA1 0.00* 0.62 0.02*
LA05 0.02* 0.71 0.15
LA14 0.00* 0.59 0.02*
LA19 0.00* 0.46 0.02*

* p-value of the slope of the least-squares regression line was found to be greater than 0.05.
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and shape, respectively, under the SD and LD sets at design level intensities. At
the MCE level, the median peak drift demands of the single storey frames were
found to be 10-15% lower under the LD set. For the multi-storey frames, while
the median peak storey drift demands at the lower half of the building were
consistently recorded to be either similar or lower in value under the LD set,
they were higher at the uppermost storey for some of the frames, compared to
the SD set. This observation was more pronounced for the long-period multi-
storey frames at the collapse level where drift demands at the upper storeys of
the frames were observed to be larger under the LD set as compared to the SD
set, while the opposite was observed at the bottom storeys. These observations
are attributed to higher mode effects which had prominent presence in the drift
response history of upper storeys and were found to increase with ground motion
intensity, duration and structural period. Consequently, long duration records
were observed to also cause more frequent collapse through the upper storeys of
the frames as compared to the short duration ones, leading to markedly different
predominant collapse mechanisms under the two sets for the three tallest period
frames. Such differences in the response of steel frames under long and short
duration motions were found to be correlated to the recorded number of storey
drift cycles, Neff .

The DDC of the analysed structures estimated using the LD set were found to
be 30% lower than those with the SD set, on average, indicating that steel frames
tend to collapse at smaller drifts under long duration motions. Regression models
fit to the data suggested that the DDC of steel frames decreases with Ds5−75 of the
applied ground motion. This effect is considered to be caused by the higher energy
dissipation and cumulative damage recorded under a longer duration motion due
to the cyclic deterioration and P − ∆ effects. The effect of duration on DDC,
estimated in terms of the slope “a” of the DDC-Ds5−75 relationship, was found to
vary for the 9 considered frames; a for the two single-storey frames was estimated
to be lower as compared to the multi-storey frames; a for the New Zealand frames
was found to be higher as compared to the US frames. The influence of response
spectral shape, quantified here by SaRatio, on DDC was found to be negligible.
On the other hand, the collapse capacities of the steel frames were observed to
be 16% lower under the LD set, on average, as compared to the SD set and were
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found to be primarily influenced by SaRatio, with Ds5−75 playing a secondary
role.

The findings of this paper highlight that the behaviour and deformation ca-
pacity of steel frames are affected by the duration of ground motion it experiences.
Furthermore, it underscores the importance of modifying the current design stan-
dards to explicitly account for duration as long duration motions can produce
undesirable collapse mechanisms and higher damage and collapse risks in struc-
tures. The bilinear relationship between DDC and Ds5−75 presented in this study
makes the case for doing so by modifying the deformation capacity of a structure
based on the mean duration of anticipated ground motions at the site. It was
demonstarted that higher mode effects can be adequately compensated for by
prescribing minimum strength requirements for the upper storey sections, relative
to the first storey, in long period multi-storey frames.
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Chapter 5

Influence of ground motion
duration on the dynamic
deformation capacity of SDOF
systems

5.1 Introduction

The effect of ground motion duration on structural collapse risk has been
well documented by a number of previous studies (e.g., Raghunandan et al., 2015;
Chandramohan et al., 2016). Observations made in Chapters 3 and 4 for RC
and steel moment frames, respectively, also indicated that structures can collapse
at lower intensities under longer duration motions. Recent research has begun
investigating instead the effect of duration on the deformation capacity recorded
just prior to collapse (Bhanu et al., 2021b). In Chapters 3 and 4, the dynamic
deformation capacities of a suite of RC and steel frames were found to reduce
with increasing ground motion duration, following a bilinear relationship. Such
a quantified relationship between ground motion duration and deformation ca-
pacity can provide a simple means to account for duration in seismic design and
assessment procedures. This study aims to further investigate that relationship
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through a range of SDOF models.

Although complex and realistic multi-degree-of-freedom (MDOF) models,
such as the ones employed in Chapters 3 and 4, are better than SDOF models in
simulating the structural response of real-life buildings, their collapse simluation
procedures can be computationally intensive. Therefore, the results in Chapters
3 and 4 are limited to a certain range of structural properties. Furthermore, iso-
lating the effect of specific structural parameters or physical mechanisms, in such
complex models can be infeasible. Studies such as Raghunandan et al. (2015),
Chandramohan et al. (2016) and Bravo-Haro et al. (2020) have found the effect of
duration on collapse capacity to depend on modelling parameters such as the rate
of cyclic deterioration, structural ductility, P-∆ effects, etc. Given that the con-
cept of dynamic deformation capacity (Bhanu et al., 2021b) and it’s correlation
with duration is rather new, it has not been explored much in the literature. To
overcome these challenges, a parametric study is conducted on SDOF models to
investigate the dependence of the DDC-Ds5−75 relationship on various structural
parameters and physical mechanisms, namely structural period, hysteretic model,
P-∆ effects, cyclic deterioration, ductility and post-yield strength.

The parametric study conducted in this chapter is within the context of the
overall objective of this dissertation, i.e. to incorporate the effect of duration in
seismic design by exploiting the dependence of DDC on Ds5−75. The parameters
chosen here are either the ones considered to be important for the design of modern
code-based buildings, have previously been reported to influence the dependence
of collapse capacity on duration or both. The findings of this study will be used to
inform the final procedure proposed in Chapter 6 to explicilty account for ground
motion duration in the seismic design process.

5.2 Methodology

5.2.1 Numerical models of SDOF systems

To conduct the parametric study, a 2-dimensional SDOF model resembling
a bridge pier was modelled in OpenSees (McKenna et al., 2006). The model,
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illustrated in Figure 5.1 (a), has a translational mass (M) at the tip of a linear
elastic element connected to the base through a zero-length rotational spring. Such
SDOF systems have previously been employed in parametric studies to idealise
the behaviour of multi-degree-of-freedom (MDOF) systems (Chandramohan et al.,
2016; Bravo-Haro et al., 2020). The non-linear behaviour of the spring was defined
using the modified Ibarra-Medina-Krawinkler (IMK) hysteretic material models
(Ibarra et al., 2005) - (i) the peak-oriented model (‘IMKPeakOriented’) commonly
used for reinforced concrete sections (Haselton et al., 2008), and (ii) the bilinear
model (‘IMKBilin’) commonly used for steel sections (Lignos and Krawinkler,
2011). The cyclic and monotonic response of the two models are plotted in Figure
5.2. The models have a trilinear backbone curve that includes a post-peak negative
stiffness branch to capture in-cycle deterioration; the models also incorporate
the cyclic degradation in strength and stiffness. Table 5.1 lists the modelling
parameters of interest for the SDOF systems and their values for a baseline model
with period of vibration T = 2 s. The values for the baseline model parameters,
such as T , yield drift (θy), capping drift (θc), post-capping drift capacity (θpc)
and base shear coefficient (Cy), were selected such that the pushover response
of the model, as shown in Figure 5.1(b), represents that of a real building. The
mass, height and stiffness values were then assigned in order to get the required
combination of T , yield drift (θy) and base shear coefficient (Cy). The cyclic
deterioration parameter was assigned a rough average value observed across the
beam-column elements of RC and steel frame buildings analysed in Chapters 3
and 4. Viscous damping was considered in the model using a tangent-stiffness
based damping approach and equal to 5% of the critical value. The destabilizing
P-∆ effect of gravity loads was incorporated in the baseline model by conducting
second-order large displacement analysis. A recent study by De Francesco and
Sullivan (2020) highlighted some issues related to the presence of artifical damping
forces associated with second-order large displacement analysis. The study found
these issues to be relatively controlled with a tangent-stiffness based damping
approach compared to an initial-stiffness based approach. Nonetheless, results
compared from first- and second-order analysis in this study were not found to
be significantly different and any effect of the modelling approach on average and
relative results was negligible. The ultimate deformation capacity of the system
is considered here as the deformation level at which the system has a full strength
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Figure 5.1: (a) Schematic of the SDOF model, and (b) static pushover response of the
baseline model with and without P-∆

loss and Figure 5.1(b) shows how P-∆ effect plays a role in reducing it.

5.2.2 Incremental dynamic analysis for DDC estimation

Following the methodology outlined by the authors in Bhanu et al. (2021b),
incremental dynamic analyses (IDA) (Vamvatsikos and Cornell, 2002) were con-
ducted to compute the dynamic deformation capacities (DDC) of the SDOF sys-
tems. DDC was estimated as the largest drift simulated at intensity levels lower
than or equal to the collapse intensity when conducting IDA. The collapse inten-
sity can be computed from an IDA curve as the intensity corresponding to the
starting point of the first line segment whose slope is either greater than 5% of
the initial elastic slope of the IDA curve or negative, when tracing the IDA curve
backwards from the collapse threshold. A drift threshold of 20% was employed in
this study in line with previous works on the topic. To study the effect of duration,
two spectrally equivalent sets of short (SD set) and long duration (LD set) ground
motions were employed in this study. Duration was quantified using the 5-75%
significant duration Ds5−75 (Trifunac and Brady, 1975), as it has been shown to
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Figure 5.2: Hysteresis plots of the Ibarra-Medina-Krawinkler (IMK) (a) Peak-Oriented
and (b) Bilinear material models along with the monotonic response.

Table 5.1: List of modelling parameters and their values for the baseline model

Symbol Parameter Value for baseline model
M Mass (ton) 802.9
H Height of the elastic element (m) 20
K Elastic stiffness (kN/mm) 8.05
T Period of vibration (s) 2.0
Cy Base shear coefficient* 0.3
Vc

Vy
Capping to yield strength ratio 1.13

θy Yield drift 1.5%
θc Drift at capping 6.0%
λ Cyclic deterioration parameter 1.8
θpc Post-capping drift capacity 10%
ζ Damping ratio 5%

* Cy is computed as the ratio of the lateral force at yielding and seismic weight of
the system.
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Figure 5.3: IDA curves of the baseline model (T = 2.0 s) with Peak-Oriented
hysteresis, indicating the dynamic deformation capacities (DDC) computed using (a)

the SD set, and (b) the LD set.

be an efficient duration metric (Chandramohan et al., 2016) and is widely used
in the recent literature. The SD set has 44 short duration ground motions from
the FEMA P695 far field set FEMA (2009), with Ds5−75 shorter than 25 s and
a geometric mean of 5 s. The LD set consists of ground motions recorded from
recent large magnitude events such as the 2008 Wenchuan (Mw 7.9), 2010 Maule
(Mw 8.8), and 2011 Tohoku (Mw 9.0) earthquakes, with Ds5−75 greater than 25 s
and a geometric mean of 42 s. This spectrally equivalent ground motion set pair
was originally prepared by Chandramohan (2016) to study the effect of duration
by controlling any effect of response spectral shape and has since been used in
a number of studies (e.g., Barbosa et al., 2017; Bhanu et al., 2021b). The 5%
damped pseudo-spectral acceleration at the structural period, Sa(T ), was used
to quantify ground motion intensity; IDA were conducted at Sa(T ) increments
of 0.02 g, which were further reduced to 0.01 g near the collapse intensity. As
the DDC of a structure is found to follow a lognormal distribution (Bhanu et al.,
2021b), the median DDC is estimated as the geometric mean of all the values from
a set. The same holds true for structural collapse intensities as well. Figure 5.3
plots the IDA curves of the baseline model with Peak-Oriented hysteresis using
the two ground motion sets, indicating the individual and median DDC values.
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5.2.3 Influence of duration on dynamic deformation ca-
pacity

The DDC of a system signifies the largest drift demand it can withstand
under a ground motion without collapsing. It can be clearly observed from Figure
5.3 that the DDC of the baseline model from the LD set are, on average, lower
than the values from the SD set. The geometric mean DDC reduced by 21 % when
using the LD set (7.5 %) as compared to the SD set (9.5 %). Similar observations
were previously reported by the authors for RC and steel frame models (Bhanu
et al., 2021b, 2022). Following the approach in those studies, a bilinear regression
model is fit to the DDC vs. Ds5−75 data in Figure 5.4(a) to statistically investigate
this relationship. The regression model, described by Equation 1, is constant for
durations shorter than a critical value, Dc, and varies linearly for longer durations.
In Bhanu et al. (2021b), the authors proposed Dc = 5T , 5 s or 4 s as the best
choices on the basis of them providing good R2 values, on average, for 10 RC
frames; Dc = 5 s was proposed for steel frames in Bhanu et al. (2022). Similarly,
in this study, Dc was varied over a range of values and Dc = 5 s was found to
provide the best fit for the regression model, on average, for a large number of
systems varying in period and hysteretic model that are analysed in this study.
Therefore, a critical duration value of 5 s is used here. The R2 values computed
for different values of Dc are presented in Tables 5.3 and 5.2 for the Bilinear and
Peak-Oriented systems, respectively.

lnDDC =

c0 + ε, if Ds5−75 ≤ 5s

a(lnDs5−75) + c1 + ε, if Ds5−75 > 5s
(5.1)

where c0, c1, and a are regression coefficients, and ε is the residual error term.
In Figure 5.4(a), the negative slope of the least-squares regression line for Ds5−75

values greater than 5 s corroborates the observation from Figure 5.3 that the
reduction in DDC is correlated to Ds5−75.

Conversely, the geometric mean collapse intensities under the two record sets
did not change significantly, being 1.44 g for the SD set and 1.46 g for the LD set.
This observation is in contrast with a number of previous studies which reported
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Table 5.2: Summary of the R2 values recorded for the DDC-Ds5−75 bilinear
relationship of the Bilinear systems for different values of critical duration Dc. The

values around Dc = 5 s are highlighted in red.

T (s) Critical duration Dc

T 2T 3T 4T 5T
0.5 0.38 0.38 0.38 0.38 0.38
1.0 0.51 0.51 0.52 0.52 0.51
1.5 0.38 0.39 0.39 0.40 0.40
2.0 0.34 0.35 0.36 0.37 0.36
2.5 0.46 0.47 0.47 0.48 0.48
3.0 0.42 0.43 0.42 0.42 0.41
3.5 0.45 0.46 0.47 0.46 0.45
4.0 0.44 0.46 0.43 0.40 0.36

Table 5.3: Summary of the R2 values recorded for the DDC-Ds5−75 bilinear
relationship of the Peak-Oriented systems for different values of critical duration Dc.

The values around Dc = 5 s are highlighted in red.

T (s) Critical duration Dc

T 2T 3T 4T 5T
0.5 0.61 0.61 0.61 0.61 0.61
1.0 0.56 0.57 0.59 0.60 0.61
1.5 0.57 0.58 0.60 0.59 0.58
2.0 0.53 0.56 0.56 0.56 0.56
2.5 0.38 0.39 0.41 0.41 0.40
3.0 0.51 0.53 0.52 0.50 0.47
3.5 0.45 0.49 0.48 0.46 0.44
4.0 0.37 0.40 0.40 0.39 0.36
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Figure 5.4: Log-log plot of (a) dynamic deformation capacity vs Ds5−75 and (b)
collapse intensity vs SaRatio for the baseline model (T = 2 s) with Peak-Oriented

hysteresis. “R2” refers to the coefficient of determination of the model fit.

collapse at lower intensities under long duration record sets for SDOF systems
(Chandramohan, 2016; Bravo-Haro et al., 2020) and a range of MDOF building
models (Raghunandan et al., 2015; Chandramohan et al., 2016; Bravo-Haro and
Elghazouli, 2018; Pan et al., 2018; Fairhurst et al., 2019; Bhanu et al., 2021b). A
linear regression analysis of collapse intensity againstDs5−75 demonstrated no cor-
relation between the two with the p-value of the slope of the best fit line found to be
greater than 0.05. Response spectral shape, quantified by SaRatio(T, 0.2T, 3.0T )
(Eads et al., 2016), is, however, found to explain the variations in collapse in-
tensities. As shown in Figure 5.4(b), the R2 for the least-squares regression line
characterising the collapse intensity vs SaRatio relationship is found to be 0.75,
indicating a strong correlation between the two parameters. Although the two
ground motion sets were created to be spectrally equivalent, their geometric mean
SaRatio values do not exactly match at all periods and can be slightly different.
For T = 2 s, the period of the baseline model, the geometric mean SaRatio value
of the LD set is 3% higher than the SD set and this is believed to be playing a role
here in minimalising the effect of duration on collapse intensities. On the other
hand, for DDC, SaRatio is found to have no significant effect. These relationships
are further analysed for a number of Peak-Oriented and Bilinear systems over a
range of periods in a later section of this chapter.
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5.3 Influence of structural parameters on slope
“-a”

5.3.1 Structural period

To study the influence of structural period on DDC and more importantly,
on the effect of duration, a number of SDOF systems over a range of periods
(0.5s < T < 4.0s) were analysed. T was varied by adjusting the M and H in
the SDOF model, while keeping all other parameters constant. This was done in
order to get the same backbone curve as shown in Figure 5.1, in terms of V

W
vs

drift ratio response, for models with different periods; any differences in results
observed for the different models can therefore be attributed to the variation in
period. A summary of the DDC data obtained from the analyses is provided
in Table 5.4 and 5.5 for the Peak-Oriented and Bilinear systems, respectively.
Figure 5.5(a) plots the variation in the estimated median DDC values against
T using the two ground motion sets. The first clear observation is that DDC
increases with period for both sets. Previous studies have reported similar trends
for collapse intensity with period (Cornell, 1997; Bravo-Haro et al., 2020). The
median DDC for the LD set is consistently lower as compared to the SD set for
the range of periods considered. The influence of period on the observed effect
of duration can be interpreted from Figure 5.5(b), where the slope ‘−a’ of the
least squares regression line from Equation 5.1, is plotted against period. The
value of −a is observed to be fairly consistent up to 2.0-2.5 s, and is noticeably
higher for longer periods. Overall, the variation in −a is limited within the range
0.10-0.17, indicating that the effect of duration on DDC is not highly affected
by structural period for SDOF systems. Similar observations were also made in
Bhanu et al. (2021b) and Bhanu et al. (2022) for RC and steel moment frame
buildings, respectively, where no clear trend was observed between slope −a and
the fundamental period of vibration T1. This indicates that, in general, the effect
of duration observed on DDC is minimally affected by period. Therefore, it is
believed here that this parameter is not relevant enough to be included in the
method to be proposed in Chapter 6.
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Table 5.4: Summary of the DDC values computed using the SD and LD sets for the
Peak-Oriented systems. a refers to the slope of the least squares regression line from

Equation 5.1.

T
Median DDC % decrease in −a

R2
SD set LD set median DDC (slope)

0.5 8.6% 6.9% 20% 0.12 0.60
1.0 9.0% 7.1% 20% 0.12 0.61
1.5 9.3% 7.5% 20% 0.11 0.60
2.0 9.5% 7.5% 21% 0.11 0.56
2.5 9.8% 7.7% 22% 0.12 0.39
3.0 10.5% 7.7% 27% 0.15 0.53
3.5 10.9% 7.9% 27% 0.15 0.47
4.0 11.0% 8.1% 27% 0.15 0.38

Table 5.5: Summary of the DDC values computed using the SD and LD sets for the
Bilinear systems. a refers to the slope of the least squares regression line from

Equation 5.1.

T
Median DDC % decrease in −a

R2
SD set LD set median DDC (slope)

0.5 8.8% 7.2% 18% 0.10 0.39
1.0 9.0% 7.2% 20% 0.12 0.51
1.5 9.1% 7.4% 19% 0.11 0.40
2.0 9.0% 7.5% 16% 0.10 0.36
2.5 10.5% 7.7% 27% 0.15 0.47
3.0 10.3% 8.0% 23% 0.14 0.42
3.5 11.1% 7.8% 30% 0.17 0.45
4.0 11.1% 8.0% 27% 0.16 0.45
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Figure 5.5: Plots of the (a) median DDC computed using the two sets, LD and SD, for
the Peak Oriented and Bilinear systems, and (b) slope (−a) from Equation 5.1 against

period (T ).

5.3.2 Hysteretic model

As observed from Figure 5.5 (a) and Tables 5.5 and 5.4, the median DDC
values computed with the two hysteretic models do not vary signficantly. This
indicates that the hysteresis type does not have a significant effect on deformation
capacity, as previously noted by Bravo-Haro et al. (2020). Regarding the effect of
duration on DDC, similar trends can be observed for the two hysteretic models
from the a vs T plots in Figure 5.5(b). The range of values for a is slightly smaller
for the Peak-Oriented systems (0.12 - 0.15) as compared to the Bilinear systems
(0.10 - 0.17). The observations made here for Peak-Oriented systems, in terms of
a and it’s variation with T , are in line with the findings of Bhanu et al. (2021b)
for RC frames. On the other hand, for Bilinear systems, the observations made
here through SDOF analysis do not completely match the findings of Bhanu et al.
(2022) for steel frames, where duration effects on DDC were found to vary consid-
erably over a range of periods without any obvious trend. This observed difference
in results between the SDOF and MDOF study for steel frames is thought to be
caused by higher mode effects which are not captured in SDOF analysis but were
reported to influence the observed effect of duration on MDOF steel models in
Gupta (1999) and Bhanu et al. (2022). While this highlights the advantages of
using complex MODF models in capturing certain phenomena that are outside the
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bounds of SDOF analyses, it also justifies the use of an SDOF study to isolate the
effects of individual structural parameters that can be disguised amongst other
phenomena in MDOF studies. In this dissertation, the final method proposed will
be developed on best judgement made on available information from both MDOF
and SDOF analyses. In this regard, it is considered here that the method required
to account for duration in the design of RC and steel buildings need not be mate-
rial specific. Some guidelines specific to steel frames only are, however, required
to account for higher mode effects that are not found to influence the behaviour
of RC frames significantly; such guidelines are mentioned in Bhanu et al. (2022).

5.3.3 P-∆ effects

In previous studies, the effect of duration on structural response has been at-
tributed primarily to cyclic deterioration and P-∆ effects (Chandramohan et al.,
2017; Bravo-Haro et al., 2020). This section investigates the contribution of P-∆
effects in reducing dynamic deformation capacity with increasing duration. To
do so, “No P-∆” analyses were conducted using the “Linear” geometric trans-
formation which does not account for second-order effects. Although simulating
dynamic instability in the absence of P-∆ effects can be challenging, the large col-
lapse drift threshold of 20% used in this study helped in achieving flat IDA curves
for a large majority of the cases solely because of cyclic deterioration, as shown
with an example in Figure 5.6. Results from No P-∆ analysis are summarised in
Tables 5.6 and 5.7 for the Peak-Oriented and Bilinear systems respectively. On
average, the DDC values computed without P-∆ effects are 50%-100% higher than
those computed with P-∆ effects, which is expected as the overturning moment
from P-∆ reduces the post-yield positive slope in the hysteretic response, as il-
lustrated in Figure 5.1(b). Figure 5.7 compares the magnitude of the slope −a of
the least squares regression line for the DDC vs. Ds5−75 relationship, estimated
with and without the consideration of P-∆ effects. P-∆ is observed to affect the
response under the two hysteresis model types differently. For the Peak-Oriented
systems, the magnitude of −a is found to be larger when P-∆ effects are not
considered, suggesting that the ratcheting effect of P-∆ reduces with Ds5−75 for
such systems. On the other hand, the systems with Bilinear hysteresis are found
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to have a lower a when P-∆ is not considered, as shown in Figure 5.7(b). In the
past, Chandramohan et al. (2017) made similar observations regarding the role
of P-∆ in the observed effect of duration on the collapse intensity of MDOF steel
frame models through ratcheting. Relatively larger values of a when P-∆ effects
are considered are indicative of the contribution from second-order moments in
reducing the ultimate deformation capacity (maximum displacement reached at a
full strength loss) of a system with increasing duration. In Figure 5.7(b), this con-
tribution is found relevant especially for systems with T ≤ 2.0s and marginal for
longer periods, indicating a slight trend with period. Previously, Jäger and Adam
(2010) have reported that SDOF systems exhibiting bilinear hysteretic behaviour
are affected by P-∆ to a much greater extent than systems with peak-oriented
or pinching hysteresis. It is, however, unclear why the ratcheting effects of P-∆
on DDC of Peak-Oriented systems are observed to reduce with duration and is a
topic for future research.

The results here provide some insights into the different roles that P-∆ effects
can play in the observed effect of duration on DDC for different systems. For
example, while P-∆ effects are not found to be exaggerating the effect of duration
on DDC for system with peak-oriented hysteresis, they are observed to do so for
short period systems with bilinear hysteresis to a significant extent. This implies
that the effect of duration on steel frames can be controlled by restricting the
ratcheting of drifts caused by P-∆ effects. Further verifications and investigations
into these phenomena through future MDOF studies are needed to confirm them
and can provide some useful practical implications.

5.3.4 Cyclic deterioration

In the IMK deterioration algorithm, the rate of cyclic deterioration in strength
and stiffness is controlled by λ, a dimensionless parameter used to define the
reference hysteretic energy dissipation capacity (Et) as shown in Equation 5.2 for
RC components (Haselton et al., 2008).

Et = λMyθcap (5.2)
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Figure 5.6: IDA curves of the baseline model (T = 2.0 s) with Peak-Oriented
hysteresis and without PDelta effects, using (a) the SD set, and (b) the LD set.

Table 5.6: Summary of the DDC values computed, using the SD and LD ground
motion sets, without P-∆ effects for Peak-Oriented model. a refers to the slope of the
least squares regression line from Equation 5.1. R2 is the coefficient of determination

of the model fit.

T
Median DDC % decrease in a

R2
SD set LD set median DDC (slope)

0.5 13.8% 10.4% 25% -0.15 0.18
1.0 13.9% 11.8% 15% -0.10 0.10
1.5 15.1% 11.3% 25% -0.16 0.27
2.0 15.3% 11.7% 23% -0.14 0.28
2.5 15.9% 11.6% 27% -0.15 0.37
3.0 16.1% 11.1% 31% -0.18 0.56
3.5 17.0% 11.7% 31% -0.18 0.52
4.0 16.9% 11.7% 31% -0.19 0.63
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Table 5.7: Summary of the DDC values computed, using the SD and LD ground
motion sets, without P-∆ effects for Peak-Oriented model. a refers to the slope of the
least squares regression line from Equation 5.1. R2 is the coefficient of determination

of the model fit.

T
Median DDC % decrease in a

R2
SD set LD set median DDC (slope)

0.5 14.8% 14.7% 1% 0 0
1.0 14.2% 13.6% 5% 0 0
1.5 15.2% 13.6% 11% -0.06 0.11
2.0 14.4% 13.1% 9% -0.06 0.10
2.5 15.5% 12.0% 22% -0.13 0.43
3.0 16.4% 12.6% 23% -0.13 0.36
3.5 16.6% 12.8% 23% -0.13 0.39
4.0 17.4% 12.8% 26% -0.14 0.38
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Figure 5.7: Variation in the slope (−a) of the least squares regression line for the DDC
vs Ds5−75 relationship against period (T ), with and without P-∆ effects for the (a)

Peak-Oriented model and (b) Bilinear model.
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where My is the yield moment capacity in model.

λ is inversely proportional to the rate of deterioration as a system with a larger
reference energy dissipation capacity has a lower rate of deterioration. Figure 5.8
compares the hysteretic response of an SDOF model for two different λ values;
the deformation capacity can be observed to be lower for the case with the lower
λ. The effect of duration on DDC was recorded for five values of λ varying in the
range 0.45-150; λ = 1.8 for the baseline model. λ = 0.45 signifies a very high rate
of deterioration and λ = 150 leads to negligible deterioration in the model. Figure
5.9 plots the variation in the slope (−a), indicating the magnitude of the effect
of duration, with λ for systems belonging to three different T = 0.5 s, 2 s and 4
s. A decreasing trend in the slope magnitude is observed with λ indicating that
higher rates of deterioration cause larger reductions in DDC as ground motion
duration increases. The variation in a with λ can be observed to be higher for the
Peak-Oriented systems as compared to the Bilinear systems. An effect of period is
also observed from Figures 7(a) and (b) as longer period systems are found to be
less sensitive to λ. These observations can be explained from the hypothesis that
the effect of duration is a result of differences in the number of response cycles.
Since longer duration records cause a larger number of response cycles, the effect
of deterioration increases with duration. Furthermore, this effect of deterioration
is higher for shorter period systems as they experience a relatively larger number
of cycles.

The results here indicate the extent to which cyclic deterioration plays a role
in the observed effect of duration on DDC for different cases. Furthermore, based
on Equation 5.2, the energy dissipation capacity, and consequently the rate of
deterioration, of real building components can be controlled by increasing one of
the three parameters of λ, My or θcap. Two of these parameters, My and θcap,
are dependent on design detailing of the components. For e.g., Haselton et al.
(2008) found θcap for RC beam-column sections to be a function of the amount
of transverse reinforcement in the plastic hinge region. Therefore, the effect of
duration on DDC can be controlled through design decisions such as providing
stronger sections and increasing the amount of transverse reinforcement.
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Figure 5.8: Hysteresis response of an SDOF model with (a) λ = 1.8 and (b) λ = 0.45.
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Peak-Oriented model and (b) Bilinear model.
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Figure 5.10: Pushover response of the baseline model for a range of θcap.

5.3.5 Ductility

Some studies in the literature have found the effect of duration on collapse
capacity to be more signifcant for ductile structures, as compared to non-ductile
structures which tend to fail early in the post-yield stage (Raghunandan et al.,
2015). The sensitivity of −a to ductility is investigated here by varying θcap, the
rotational capacity at capping. Slope −a is estimated at three levels of ductility,
θcap = 0.03 (low ductility), 0.06 (baseline) and 0.09 (high ductility) and their
pushover curves are plotted in Figure 5.10. Non-ductile systems are also analysed
and modelled with θcap = 0.03 and θpc = 0 to represent low rotational capacity
and brittle failure, respectively.

The −a values computed for the different levels of ductility are plotted in
Figure 5.11 for T = 0.5 s, 2 s and 4 s. In Figure 5.11 significantly lower −a are
recorded for the non-ductile systems as compared to the ductile ones, indicating
a very low to negligible effect of duration on DDC for these systems. The DDC
of the non-ductile systems is observed to be controlled by their limited plastic
rotational capacity, irrespective of the ground motion duration. For the ductile
Peak-Oriented systems, −a increases with θcap for T = 0.5 s and 2 s, indicating
an increased reduction in DDC with duration for systems with higher rotational
capacities. The contrary is observed at T = 4 s for both Bilinear and Peak-
Oriented hysteresis, and T = 2 s Bilinear system. No clear trend is observed in a
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Figure 5.11: Variation in the slope (−a) of the least squares regression line for the
DDC vs Ds5−75 relationship against θcap for (a) Peak-Oriented model and (b) Bilinear

model.

against θcap for the Bilinear system with T = 0.5 s. Based on the overall results
presented in Figure 5.11, though the effect of duration on DDC (a) is found to be
marginal for non-ductile systems, it is not found to be highly sensitive to ductility
for ductile systems as it varies in a limited range for large variations in θcap. The
findings here do not find the ductility value of modern code-based buildings to be
an important factor to be considered while incorporating the effect of duration
in seismic design. Moreover, any such method for non-ductile buildings is not
deemed necessary.

5.3.6 Post-yield strength

The post-yield hardening stiffness of a structural component can be described
by the ratio of the maximum strength (Vc) over the yield strength (Vy). The Vc

Vy

ratio for individual components can be affected by parameters such as axial load
and material strength Haselton et al. (2008). At the system level it is considered
important as it can affect the P −∆ stability (, Medina and Krawinkler). The Vc

Vy

value for the baseline model was chosen to be 1.1 in this study as experimental
studies have evaluated the mean Vc

Vy
for steel and RC components to be around

the same (Haselton et al., 2008; Lignos and Krawinkler, 2011); pushover response
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of some of the RC and steel moment frames analysed in Chapters 3 and 4 also
provided it to be a good estimate. This value, however, can be higher when
considering structural response as a whole for different types of buildings. A
sensitivity study is conducted here by varying Vc

Vy
in the range 1.1 ≤ Vc

Vy
≤ 2.5 to

observe the effect of post-yield strength on slope a.

Figure 5.12(a) illustrates the pushover response of the baseline model (T = 2
s) with different values of post-yield strength considered and Figure 5.12(b) plots
the corresponding −a values computed. From the results it can be observed that
the slope a for the Peak-Oriented system is not significantly affected by the value
of Vc

Vy
. For the Bilinear system, on the other hand, the magnitude of a is much

smaller for cases with twice or more capping to post-yield strength ratio, indicating
a smaller effect of duration on DDC for these cases. These observations can be
explained through the previously discussed role of P −∆, which was found to be
significant for Bilinear systems but not for Peak-Oriented systems. Systems with
lower values of Vc

Vy
are more likely to be have an effective post-yield strain-softening

response because of P −∆ effect, rather than the desired strain-hardening. These
results indicate that the effect of duration on deformation capacity for systems
with bilinear hysteresis and high levels of post-yield strength is lower than what
was observed for RC and steel moment frames analysed in Bhanu et al. (2021b)
and Bhanu et al. (2022). A less conservative design approach can therefore be
employed for such systems when consdireing the effect of duration.

5.4 Conclusion

Recent studies have demonstrated that structures tend to achieve lower de-
formations before collapse under long duration records, as compared to short du-
ration records, and quantified the associated capacity as the dynamic deformation
capacity (DDC). This chapter investigated the sensitivity of the effect of duration
on DDC to structural parameters by conducting a parametric study on SDOF sys-
tems. For each SDOF system, DDC was estimated as the largest drift ratio it can
withstand without collapsing by conducting incremental dynamic analysis under
88 ground motions belonging to a wide range of duration (1s < Ds5−75 < 80s).
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Figure 5.12: (a) Pushover curve of the baseline model for a range of VC
Vy

, and (b)
variation in slope (−a) against Vc

Vy
.

The effect of duration was quantified by −a, the slope of the least squares line
fit to a bilinear regression model for the DDC vs Ds5−75 relationship. The struc-
tural parameters analysed in this study were: structural period (0.5s ≤ T ≤ 4s),
hysteretic model (Bilinear and Peak-Oriented), P-∆ effect, cyclic deterioration,
ductility and post-yield strength.

The DDC of a baseline model was found to be negatively correlated to Ds5−75

for durations longer than 5 s for the range of periods and hysteretic models anal-
ysed, in line with previous studies on steel and RC frame MDOF models. On
average, the DDC of the baseline model was found to increase with structural
period but remained similar for the two hysteresis type. The effect of duration
on DDC, “ − a′′, was not found to be significantly affected by either the type of
hysteretic model or the structural period, though slightly higher values of a were
observed at long periods (T > 2s).

Previous studies have largely attributed the observed effect of duration on
structural response to the cyclic deterioaration of strength and stiffness and P-
∆ effect. In this study, P-∆ effects were found to contribute to the effect of
duration on DDC for Bilinear systems, especially at short periods. Peak-Oriented
systems, on the other hand, were observed to be less affected by P-∆ at longer
durations; the reasons for which remain unclear and should be investigated in a
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future study. The level of cyclic deterioration was shown to influence the effect
of duration and this influence was found to be higher for short period systems.
The DDC of non-ductile systems with brittle failure was found to be restricted
by their limited post-yield capacity and therefore, not correlated to Ds5−75. For
ductile systems, however, the level of ductility was not observed to influence a
significantly. Bilinear systems with high values of capping-to-yield strength ratio
were observed to be less sensitive to the effect of duration, whereas for Peak-
Oriented systems a was not found to be influenced by the level of post-yield
strength hardening.

Although the findings here are limited to SDOF systems and are without
consideration of some complex phenomenon that can contribute to the effect of
duration on real MDOF structures, they supplement the findings of the MDOF
studies conducted in Chapters 3 and 4 in creating a framework presented in Chap-
ter 6 to explicitly account for duration in seismic design. Since structural period,
level of ductility and hysteretic model were not found to have a relevant trend
with slope “−a”, it is believed that a general method can be suggested for mod-
ern code-based buildings with different values for these parameters. Non-ductile
buildings, on the other hand, are not required to be compensated for the effect
of duration. The findings of this study also provide various insights into the role
of different mechanisms, such as cyclic deterioration and P-∆ effect, in the ob-
served effect of duration on DDC, that can serve as the basis for identifying the
vulnerability of different structural systems to such effects.
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Chapter 6

Method for the explicit
consideration of ground motion
duration in seismic design

6.1 Introduction

Current seismic codes around the world employ a uniform-risk spectrum
(Luco et al., 2007) or uniform-hazard spectrum (Standards New Zealand, 2004)
based approach for structural design. Although the modern code-specified re-
sponse spectra, generally derived through probabilistic seismic hazard analysis
(PSHA), provide a fairly accurate estimation of the mean intensity and frequency
content of the anticipated ground motions for a given return period at a particular
site, they ignore the information regarding the duration of the shaking. The value
of strong-motion duration or significant duration, also derived through PSHA,
has been shown to affect structural collapse fragility and, as a result, collapse risk
(Raghunandan et al., 2015; Chandramohan et al., 2016; Pan et al., 2018; Fairhurst
et al., 2019); this effect, however, is currently not explicitly accounted for in the
design process. In the last decade while the number of studies demonstrating the
relevance of incorporating duration in structural design has been large, studies
proposing adequate methods to do so have been limited. Chandramohan et al.
(2016) and Liel et al. (2015) derived methods to account for the mean duration
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hazard at a site by proportionally adjusting the design intensity level. As these
studies were focussed on the design practice in the USA, their proposed approach
is limited to similar design codes that are based around a collapse limit state
and cannot necessarily be used for other codes, such as the New Zealand seismic
design standard, NZS 1170.5 (Standards New Zealand, 2004). Recent studies by
the authors have made the case to potentially incorporate the “duration” factor
in design by adjusting the dependable deformation capacities of structures as an
alternative approach that can be more widely applied across different design codes
(Bhanu et al., 2021b, 2022). This study makes use of the findings of these studies
to derive such a method.

There is an abundance of evidence in the literature now to confirm that
the collapse risk of modern code-based structures is affected by ground motion
characteristics other than spectral acceleration at the fundamental period, namely
spectral shape and duration (e.g., Chandramohan et al., 016b; Chandramohan,
2016; Marafi et al., 2017; Chase et al., 2021). Chandramohan (2016) showed
through the nonlinear analyses of 51 ductile reinforced concrete (RC) frames that
the variation in spectral acceleration at collapse can be up to over 80% controlled
by these two parameters. This phenomenon leads to a non-uniform risk amongst
structures designed using the same code but for different sites and the risk is more
likely to exceed the acceptable levels where ground motions of long durations and
flat spectral shapes are experienced. For example, the mean annual frequency of
collapse of a modern RC frame in Eugene and Seattle were found to be around 60%
and 30% underestimated, respectively, when hazard-consistent ground motions
are not employed in collapse risk assessment; the two sites have significant hazard
contribution from large magnitude interface earthquakes (Chandramohan et al.,
016b). The higher collapse risk from such events also leads to significant increases
in the predicted economic seismic losses (Hwang et al., 2021). This study focusses
on the inclusion of only the “duration” characteristic in seismic design and spectral
shape is considered out of scope. Recent studies by the authors on steel and RC
moment frames found that as ground motion duration increases, not only do
structures tend to collapse at lower intensities but also at smaller deformations
(Bhanu et al., 2021b, 2022). The deformations associated with collapse, termed as
dynamic deformation capacity (DDC), were found to be around 25% lower under
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a long duration set as compared to a spectrally equivalent short duration set for
both kinds of frames.

NZS 1170.5 aims to implicitly consider the higher damage potential from
long duration shaking by using a “magnitude-weighting” approach where earth-
quakes of magnitude M less than 7.5 are given a lower weighting (Standards New
Zealand, 2004). Tarbali and Bradley (2016), however, demonstrated that this
approach of implicit consideration of duration and cumulative effects via causal
parameters such as magnitude is not reliable. Similar to the methods proposed by
Chandramohan (2016) and Liel et al. (2015), there can be a few potential avenues
to explicitly incorporate the effect of duration in structural design by adjusting
the design parameters of strength, ductility or deformation limits. This study
explores one of these avenues and employs the relationship between DDC and
the 5-75% significant duration, Ds5−75 (Trifunac and Brady, 1975), to propose a
simple method to account for the mean duration of ground motions anticipated at
a site in NZS 1170.5 by modifying the deformation capacity of the structure. The
benefits of the proposed method are expected to be uniform and acceptable lev-
els of collapse risk for structures designed at sites experiencing different duration
ground motions. This is verified by conducting hazard-consistent collapse risk
assessments of two case-study steel moment frames designed for a site in Nelson
and their collapse risk compared for structural designs with and without duration
considerations.

6.2 Proposed method to incorporate “duration”
in NZS 1170.5

Unlike the US code - ASCE 7-16 (ASCE, 2016), NZS 1170.5, the New Zealand
standard for earthquake actions in structural design, is not based around a collapse
limit state and rather on the ultimate limit state (ULS), which is verified for
earthquake motions with a return period of 500-years (typically) or more (for
regions of low seismicity) (Standards New Zealand, 2004). This, however, does
not imply that internationally acceptable levels of collapse and fatality risks are
not satisfied by NZS 1170.5 based designs. Instead, it expects to meet those
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levels by achieving a adequately low level of collapse risk at the ULS. This comes
through “a high degree of reliability of achieving the strength and ductility values
that are assumed” and are expected to be maintained at sufficient levels at higher
intensities. Therefore, as explicit collapse design criteria do not exist in NZS
1170.5, the modifications to control the collapse risk in the existing guidelines are
introduced at the ULS level in this study.

The effect of duration on peak structural response metrics (for e.g. peak
drift, peak acceleration, peak force/moment demands) is not evident at the ULS
level intensities (Raghunandan and Liel, 2013; Barbosa et al., 2017; Bhanu et al.,
2022). Across the 9 steel frames analysed in Bhanu et al. (2022), only one was ob-
served to have significantly (up to 20%) larger drifts under long duration records
as compared to short duration ones at this level. Duration does, however, af-
fect cumulative demands such as hysteretic energy dissipated, cumulative inelas-
tic strains, damage indices, etc. (Raghunandan and Liel, 2013; Barbosa et al.,
2017). The larger cumulative demands under long duration records lead to a
higher strength and stiffness degradation, ultimately causing a full strength loss
at relatively lower drifts and intensities (Barbosa et al., 2017; Bhanu et al., 2021b,
2022) (Barbosa et al., 2017; Bhanu et al., 2021; Bhanu et al., 2022). Therefore,
even though structural systems are not observed to be affected by duration at the
design level, their reduced deformation capacity or ductility under long duration
records creates a lower margin of safety against collapse. The aim of this study is
to propose a method to also bring that safety margin to code-intended levels for
sites expecting long duration motions.

In Bhanu et al. (2021b) and Bhanu et al. (2022), the authors evaluated the
DDC of 10 RC and 9 steel moment frames respectively, under 88 ground motions
of varying duration in the range 1s < Ds5−75 < 80s. The DDC of a structure
is the largest storey drift demand that could be sustained without collapsing.
DDCMDOF is estimated as the largest storey drift ratio (SDR) demand simulated
at intensity levels equal to or lower than the collapse intensity when conducting
incremental dynamic analysis (IDA) (Vamvatsikos and Cornell, 2002). The col-
lapse intensity is computed from the IDA curve as the intensity corresponding
to the starting point of the first line segment whose slope is either greater than
5% of the initial elastic slope of the IDA curve or negative, when tracing the
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IDA curve backwards. An equivalent single degree-of-freedom (SDOF) measure
for DDC, DDCSDOF , was also evaluated and found to be the preferred metric
to compare the deformation capacity of multi-storey frames when noticeably dif-
ferent collapse mechanisms are recorded under different ground motions, such as
for steel moment-resisting frames (Bhanu et al., 2022). DDCSDOF considers the
average deformation capacity across the height of the frame and is estimated as
per Equation 6.1.

DDCSDOF = Σmi∆2
i

Σmi∆i

/
He, (6.1)

where mi is the mass of storey i, ∆i is the peak displacement demand simulated
at storey i at the collapse intensity and i ranges from 1 to the total number of
storeys in the frame. He is computed as per Equation 6.2.

He = Σmi∆iHi

Σmi∆i

, (6.2)

where Hi is the height of storey i from the ground. Equations 6.1 and 6.2 are
based on the equivalent SDOF concepts from Priestley et al. (2007).

The DDC of the moment frame buildings analysed in Bhanu et al. (2021b)
and Bhanu et al. (2022) was found to reduce with increasing Ds5−75 following a
bilinear trend described by Equation 6.3.

lnDDC =

c0 + ε, if Ds5−75 ≤ Dc

a(lnDs5−75) + c1 + ε, if Ds5−75 > Dc

(6.3)

where c0, c1, and a are regression coefficients, and ε is the residual error term. a
represents the slope of the trend in DDC with Ds5−75. Dc is the critical duration
value below which duration is not expected to influence DDC.

Although Bhanu et al. (2021b) reported only DDCMDOF for the RC frames,
DDCSDOF was also evaluated for the frames by the authors in a separate study.
The mean value of parameter a was found to differ by less than 10% from the one
reported for DDCMDOF in Bhanu et al. (2021b). This observation was attributed
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to the fact that unlike steel moment frames, the collapse mechanisms of the RC
frames was not found to vary considerably under short and long duration ground
motion sets. For uniformity DDCSDOF is the metric employed in this study and
henceforth, it is referred to as DDC. A study on SDOF systems with IMK peak
oriented and bilinear hysteretic models (Ibarra et al., 2005) also found DDC to
follow a similar bilinear trend with Ds5−75 (Chapter 5). Based on the regression
analysis done on the DDC data for RC frames, steel frames and SDOF systems
in Chapters 3,4 and 5, Dc = 5 s is considered to be an appropriate choice. As the
archetype RC frames used in Chapter 3 are all based on US designs, it is assumed
here that the results from those frames can be extrapolated to NZ designs. This
assumption is based on the fact that both NZ and US design codes follow a similar
philosophy that relies on structural ductility and capacity design. Furthermore,
in Chapter 3 and 5 the effect of duration on DDC was not observed to be affected
by structural parameters that might vary slightly between NZ and US designs.
Therefore, any differences in the two designs are not believed to affect the results
significantly.

Section 7.5 of NZS 1170.5 provides a design storey drift limit at the ULS
level, θULS, of 2.5%. As discussed above, although code-based designs are, on av-
erage, not expected to exceed this limit under long duration records at intensities
corresponding to the design response spectrum, they have a higher risk of col-
lapse due to their lower apparent dynamic deformation capacity. The relationship
presented in Equation 6.4 is proposed in this study to explicitly compensate for
this effect of duration by adjusting θULS based on the median Ds5−75 of ground
motions anticipated at the site. Ds5−75 is chosen to be the duration metric based
on the suggestions of Chandramohan et al. (2016), which found it to be well cor-
related to structural response. Equation 6.4 is based on the DDC vs. Ds5−75

relationship observed in the previous studies by the authors (Bhanu et al., 2021b,
2022). The hypothesis that reducing the design storey drift limit will result in
a reduction in the collapse risk is based on the findings of previous studies such
as Gokkaya et al. (2016) and Koopaee (2021). Further, it is assumed here that
reducing θULS by the same degree as DDC is found to reduce with Ds5−75 will
result in uniform levels of collapse risk for the designs. In general, it is believed
that reducing θULS requires stronger and stiffer members in the design, which
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will have a higher hysteretic energy dissipation capacity and therefore reduced
effects of cyclic degradation. Designs with lower θULS are, as a result, expected
to have higher DDC and reduced collapse risk. These assumption are supported
by intuition and verified by the analyses conducted by the authors. It should also
be noted that based on the variability observed in the effect of duration on DDC
and collapse risk over a range of frames in the previous studies, the proposed
method is unlikely to achieve exactly the same level of collapse risk for designs
corresponding to different Ds5−75 targets. Nonetheless, the method is expected
to reduce the variation in collapse risk amongst such designs and is a step in the
right direction as shown later in this paper.

ln θULS =

ln 2.5%, if Ds5−75 ≤ 5s

a(lnDs5−75) + c1, if Ds5−75 > 5s
(6.4)

where coefficient a represents the slope of the relationship and c1 is a function of
a as shown in Equation 6.5. Ds5−75 here refers to the median Ds5−75 of ground
motions anticipated at the site, conditional on the 10% in 50 year exceedance
probability of spectral acceleration, Sa(T1, 5%).

c1 = ln 2.5%− a ln 5 (6.5)

a for RC frames analysed in Bhanu et al. (2021b) was recorded in the range
−0.08 ≤ a ≤ −0.21 with a mean of −0.15. The range of a recorded for steel frames
was much wider, −0.06 ≤ a ≤ −0.31, with a mean of −0.19 (Bhanu et al., 2022).
For SDOF systems a was recorded, on average, to be −0.13 for both bilinear and
peak-oriented hysteresis over a wide range of periods T , 0.5s ≤ T ≤ 4s (Chapter
5). Considering these results and the investigations conducted by the authors, a
is initially proposed to be −0.15; the validity of the value of a is tested in the
next section of this paper when the proposed method is applied to case-study
designs. Hence, the preliminary relationship proposed to adjust θULS is presented
in Equation 6.6 and Figure 6.1.
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Figure 6.1: Proposed relationship to modify θULS based on the median Ds5−75 target
for the site, as per Equation 6.6

θULS =

2.5%, if Ds5−75 ≤ 5s

e−0.15(lnDs5−75)−3.448, if Ds5−75 > 5s
(6.6)

where e is the natural exponent and approximately equals to 2.72.

For the application of Equation 6.6 in practice, the median Ds5−75 target for
the site should be readily available to designers. Chandramohan et al. (016b)
described a procedure based on the generalised conditional intensity measure
framework (Bradley, 2010) to compute probability distributions of the durations
of ground motions anticipated at a site, conditional on the exceedence levels of
Sa(T, 5%). These values for the main population centres in New Zealand were
presented in Chandramohan et al. (2018b), although they are expected to be up-
dated in the near future with the revision of the New Zealand National Seismic
Hazard Model. Similar to the way the hazard factor, Z, is currently provided in
NZS 1170.5 to account for ground motion intensity, introduction of Ds5−75 hazard
maps and tables for sites in NZ through a future amendment of NZS 1170.5 could
be an easy way to provide the required Ds5−75 targets to practitioners.
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Table 6.1: Source-specific conditional median target Ds5−75 values for Nelson and
their corresponding percentage contributions to the total seismic hazard from each
type of seismic source (indicated in parentheses), conditional on the 10% in 50 year
exceedance probability of Sa(T, 5%) for a range of periods, T . The weighted averages

are computed in logarithmic space. (Chandramohan et al., 2018b)

T (s) Crustal Interface Intraslab Weighted
earthquakes earthquakes earthquakes average

0.5 6.3 s (44%) 22.2 s (25%) 7.4 s (31%) 9.1 s
1.0 8.1 s (46%) 23.6 s (47%) 8.9 s (7%) 13.5 s
2.0 10.2 s (29%) 23.9 s (60%) 10.2 s (11%) 17.0 s
3.0 12.3 s (41%) 24.3 s (56%) 10.9 s (3%) 17.9 s

6.3 Application of the proposed method to case-
study steel frames

6.3.1 Case-study frames and designs

Two ductile steel moment resisting frame buildings, a 4-storey (NEL04) and
a 12-storey (NEL12) building, designed for a site in Nelson (NZ), are used to
demonstrate the application and benefits of the proposed method to explicitly
account for the Ds5−75 hazard. Nelson’s seismic hazard has a significant (up to
60%) contribution from large-magnitude interface events leading to a noticeably
higher median Ds5−75 value as compared to many other major population centres
in New Zealand and therefore, is considered to be an appropriate example of
location where the effect of duration can significantly affect structural performance
(Chandramohan et al., 2018b). The source-specific conditional median target
Ds5−75 values for Nelson and their corresponding percentage contributions to the
total seismic hazard from each type of seismic source, conditional on the 10% in
50 year exceedance probability of Sa(T, 5%), were obtainted from Chandramohan
et al. (2018b) and are summarised in Table 6.1. The median Ds5−75 targets for
Nelson, as observed from Table 6.1, imply that θULS should be reduced at the
design stage to compensate for the increased collapse risk from long duration
records.

The considered frames were originally designed by Yeow et al. (2018) as per
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the NZS 1170 series (Standards New Zealand, 2004) and NZS 3404 (Standards
New Zealand, 1997) for a site belonging to site class D in Christchurch, NZ. Given
the similar ’Z’ factors for Christchurch (0.30) and Nelson (0.27), the designs were
slightly modified to be used as case-study buildings for site class D in Nelson. Both
frames have storey heights of 4.5 m at the ground floor and 3.6 m on all other
floors. The 4-storey and 12-storey frames have three and four bays, respectively,
with bay widths of 8.0 m each. The frames were designed with a ductility factor,
µ, of 3.0; they were provided with reduced beam sections (RBS) and expected to
meet modern capacity design requirements. The fundamental period of vibration,
T1, for NEL04 and NEL12 are computed to be 1.2 s and 2.2 s, respectively, from
eigenvalue analysis.

Two versions are carried out for the design of each frame: (i) original design
(OD) and (ii) target design (TD). OD is the baseline design for a site in Nelson
as per the current NZS 1170.5 guidelines, with θULS of 2.5%. TD, on the other
hand, is the design achieved by modifying OD to satisfy the adjusted θULS as
per Equation 6.6 for the median Ds5−75 target of Nelson. The Ds5−75 targets for
Nelson conditional on the 10% in 50 year exceedance probability of Sa(1.2s, 5%)
and Sa(2.2s, 5%) for NEL04 and NEL12, respectively, are computed to be 14 s
and 17 s. These values are estimated by interpolating the data presented in Table
6.1 at the periods of interest. Furthermore, to test the validity of the proposed
method for a site expecting ground motions of median Ds5−75 longer than that
of Nelson, a third version of frame design, termed a long duration design (LD), is
carried out for a target Ds5−75 of 44 s. 44 s is the geometric mean Ds5−75 of the
long duration ground motion set employed in the previous studies by the authors,
such as Bhanu et al. (2021b) and Bhanu et al. (2022), as well as in this study.
In other words, the LD design is for a hypothetical scenario where Nelson has a
Ds5−75 target of 44 s. Therefore, the site for LD is considered to be similar to
site class D in Nelson in all other aspects. Table 6.2 presents the ∆ULS values
considered for the three design versions, computed using Equation 6.6. Based on
its θULS of 2.5%, OD is assumed here to be designed for a target Ds5−75 of 5 s.

The original designs are modified for TD and LD by providing stronger beam
and column sections to satisfy the design drift limits of Table 6.2. The storey
drifts of the frames at the ULS level were computed by conducting modal response
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Table 6.2: θULS considered for the three design versions computed using Equation 6.6.
(Median Ds5−75 targets for the designs are indicated in parentheses)

.
Design NEL04 NEL12
OD 2.50% (5 s) 2.50% (5 s)
TD 2.14% (14 s) 2.08% (17 s)
LD 1.80% (44 s) 1.80% (44 s)

Table 6.3: Sections used as beams and columns for the three design versions of NEL04.

Storey Beams Columns
No. OD TD LD OD TD LD
4 410UB53.7 410UB53.7 530UB92.4 900WB175 900WB175 900WB218
3 530UB82.0 610UB101 610UB125 900WB175 900WB175 900WB218
2 610UB101 610UB113 610UB125 900WB175 900WB218 900WB257
1 610UB113 610UB125 610UB125 900WB175 900WB218 900WB257

spectrum analysis and applying the recommended drift modification factors and
P-∆ considerations as per section 7 of NZS 1170.5. The drifts obtained were
further amplified by 10% to account for the reduction in stiffness from RBS cutouts
(Cowie, 2010) and an additional 16% as an estimate of any torsional effects. The
final designs chosen were the ones that satisfied their corresponding θULS criteria
closely. Comparison of the sections used as beams and columns in the three
designs is presented in Tables 6.3 and 6.4 for the 4-storey and 12-storey frames,
respectively. Figure 6.2 shows the final storey drift profile of the frames at ULS
for the three cases.

6.3.2 Numerical modelling

Two-dimensional nonlinear structural models of the case-study buildings were
developed in OpenSees (McKenna et al., 2006) to conduct incremental dynamic
analysis (IDA) (Vamvatsikos and Cornell, 2002) for collapse risk assessment. The
models consist of zero-length rotational plastic springs placed at the ends of a lin-
ear elastic element to simulate the non-linear response of the beams and columns.
Following the approach of a number of previous studies investigating the effect of
duration on structural response (e.g., Raghunandan et al., 2015; Chandramohan
et al., 2016; Barbosa et al., 2017), the modified Ibarra-Medina-Krawinkler (IMK)
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Table 6.4: Sections used as beams and columns for the three design versions of NEL12.

Storey Beams Columns
No. OD TD LD OD TD LD
12 410UB53.7 410UB59.7 700WB150 1200WB249 1200WB249 1200WB278
11 530UB92.4 610UB101 700WB150 1200WB249 1200WB249 1200WB278
10 610UB113 610UB125 700WB150 1200WB249 1200WB249 1200WB278
9 700WB150 700WB173 700WB173 1200WB278 1200WB278 1200WB342
8 700WB150 700WB173 800WB168 1200WB278 1200WB278 1200WB342
7 700WB150 800WB168 800WB168 1200WB278 1200WB278 1200WB342
6 800WB146 800WB192 900WB218 1200WB342 1200WB342 1200WB392
5 800WB146 800WB192 900WB218 1200WB342 1200WB342 1200WB392
4 800WB168 800WB192 900WB257 1200WB342 1200WB392 1200WB423
3 800WB168 900WB218 900WB257 1200WB392 1200WB392 1200WB423
2 800WB168 900WB218 900WB257 1200WB392 1200WB392 1200WB423
1 800WB168 900WB218 900WB257 1200WB392 1200WB392 1200WB423

Figure 6.2: Comparison of storey drift demand profiles of NEL04 and NEL12 at the
ULS level for the three designs: OD, TD and LD.
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bilinear material model (Ibarra et al., 2005), available as “IMKBilin” in OpenSees,
was employed to define the hysteretic behaviour of the plastic hinges. The ca-
pacity of this hysteretic model to incorporate the in-cycle and cyclic deterioration
of component strength and stiffness enables it to effectively capture the effect of
duration (Chandramohan et al., 2016). The parameters for the hysteretic model
were characterised using the empirical equations provided by Lignos and Krawin-
kler (2011). A limitation of the lumped plasticity model employed here is that it
does not capture axial-flexural interaction effects. There is not much information
available in the literature regarding the effects of such a modelling assumption
on the observed influence of duration and it remains to be a topic for future in-
vestigation; it is assumed here that such a limitation will uniformly affect results
recorded under different duration ground motions. The beam-column joint panel
was modelled as a parallelogram shaped shear panel, “Joint 2D” in OpenSees, with
beam and column elements connected to the midpoints of its sides, see Figure 6.3.
The possibility of the shear yielding of the joint panels was modelled using the
shear distortion relationship developed by Krawinkler (1978). P-∆ effects on the
frames were captured in the model through a pin-connected leaning column with
the gravity load of the adjacent gravity frames acting on it and conducting large-
displacement analysis. The seismic masses and gravity loads of the frames were
uniformly applied to their beam-column joints. Rayleigh damping used with 2%
critical damping was assigned to the periods corresponding to the first and third
modes of the structures and to the linear elastic elements only (Charney, 2008). A
schematic respresentation of the numerical models of the two frames is illistrated
in Figure 6.3. The fundamental modal periods of the three designs of each frame
are indicated in Table 6.5. Figure 6.4 compares the static pushover response of
the different designs for the two frames. It can be observed from the figure that
to satisfy the proposed method critera for duration consideration, the base shear
capacity of the frames significantly increases. The peak base shear recorded for
the LD frame, designed for almost 9 times higher Ds5−75 target, is 60% and 40%
higher for the 4-storey and 12-storey frames respectively, as compared to the OD
frame. The nonlinear analyses were conducted using the central difference time
integration scheme with time-steps small enough to satisfy the stability criteria.
Although the use of this explicit scheme can be computationally intensive, it has
been shown to be more robust against numerical non-convergence that can lead to

131



CHAPTER 6. DESIGN METHOD

Figure 6.3: Schematic of the numerical models of the 4-storey and 12-storey building
frames analysed.

Table 6.5: The fundamental period of vibration of NEL04 and NEL12 for the three
designs

.
Design NEL04 NEL12

Original design (OD) 1.17 s 2.23 s
Target design (TD) 1.04 s 1.97 s

Long duration design (LD) 0.94 s 1.76 s

premature simulation of collapse (Danielson et al., 2008; Chandramohan, 2016).

6.3.3 Incremental Dynamic Analysis

In order to verify the hypothesised benefits of the proposed method, hazard-
consistent collapse risk assessments of the three designs of each case-study frame
are conducted. Traditionally, such an assessment is performed through multi-
ple stripe analysis (MSA) (Jalayer, 2003) which employs ground motion records
matching the site-specific hazard-consistent target distributions of the required
characteristics, such as duration and spectral shape, at each intensity level. Avail-
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Figure 6.4: Static pushover response of the (a) NEL04 and (b) NEL12 frames for the
three designs: OD, TD and LD.

ability and development of such site-specific ground motion sets, however, can
be difficult and time-consuming, especially for sites with long duration targets.
Chandramohan et al. (2016) developed a structural reliability framework to obtain
hazard-consistent collapse risk estimates similar to MSA, but by conducting IDA
using generic ground motion sets. As this framework avoids the laborious process
of MSA, it is employed in this study to conduct the required collapse assessment.

The ground motion set used in this study is comprised of 88 generic records
belonging to a wide range of duration, 1s < Ds5−75 < 80s, that encompasses the
median Ds5−75 target values of interest. This ground motion set was originally
assembled in Chandramohan (2016) and contains 44 records of the FEMA P695
(FEMA, 2009) far-field set that are from shallow crustal events and have Ds5−75 <

25s. The other 44 other records are of relatively longer durations, from large
magnitude subduction and crustal events such as 2011 Tohoku (Japan) and 2008
Wenchuan (China). The distribution of the Ds5−75 values and mean spectral
response of the ground motion set are presented in Figure 6.5. Though the effect
of spectral shape is not considered in this study and SaRatio (Eads et al., 2016)
targets for the considered site are ignored in the collapse assessment, the ground
motion set covers a wide range of SaRatio values at the periods of interest.

IDA was conducted using the ground motion set to analyse the collapse per-
formance of the frames in terms of collapse intensities and DDC. Since the accu-
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Figure 6.5: (a) Distribution of Ds5−75 of records in the ground motion set employed,
and (b) their mean and 1 standard deviation spectral response.

racy of IDA results is inversly related to the intensity increments employed, fine
Sa(T1, 5%) increments of 0.02 were used and further reduced to 0.005 near the
collapse intensity. Each IDA was conducted up to the point of collapse, which
was identified as any storey drift in the frame reaching a threshold of 20%. The
estimation of DDC can be affected by the deformation threshold chosen and this
can disproportionately affect the results depending on the duration of the ground
motion. Therefore, in spite of the fact that real life buildings will have lower defor-
mation capacities, a high deformation threshold of 20% is used here to minimise
any dependence of DDC on the value chosen.

6.3.4 Hazard-consistent collapse risk assesment

The IDA results obtained are used to compute the collapse intensities and
DDC of the frames as described previously in this paper and in Bhanu et al.
(2021b). To compute the median collapse intensities at the required Ds5−75 tar-
gets, Equation 6.7 is fit to the recorded collapse intensities, using the least squares
method. It is a modification of the original relationship proposed by Chandramo-
han (2016) and estimates the variation in collapse intensity as a function ofDs5−75.
Due to the non-availability of real SaRatio targets for Nelson and considering that
the primary focus here is to investigate the effect of duration, SaRatio is ignored
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Table 6.6: Regression coefficients computed for the least-squares fit of Equation 6.3
and Equation 6.6 for the case-study frames. CI refers to collapse intensity.

Frame DDC vs. Ds5−75, Equation 6.3 CI vs. Ds5−75, Equation 6.6
c0 c1 a b0 bdur

NEL04-OD -3.05 -2.74 -0.20 0.38 -0.19
NEL04-TD -2.33 -1.93 -0.25 0.89 -0.17
NEL04-LD -2.10 -1.70 -0.25 1.08 -0.12
NEL12-OD -2.79 -2.16 -0.40 0.00 -0.17
NEL12-TD -2.54 -1.70 -0.52 0.38 -0.21
NEL12-LD -2.70 -2.47 -0.14 0.39 -0.05

in the collapse assessment process. Although the inclusion of real SaRatio targets
would provide a more accurate prediction of the median collapse intensity, the
relative results, in terms of mean annual frequency of collapse associated with
different Ds5−75 targets, are not expected to be much different without it. The
approach followed here should instead give an estimate of the median collapse
capacity for a SaRatio target equal to the geometric mean SaRatio of the ground
motion set employed.

lnSa(T1) at collapse = b0 + bdur lnDs5−75 + ε (6.7)

where b0 and bdur are regression coefficients and ε represents the error term.

Similarly, Equation 6.3 is fit to the recorded DDC of the frames for Dc = 5 s.
The coefficients of the least-squares fit of Equations 6.7 and 6.3 for the frames are
indicated in Table 6.6. Figures 6.6 and 6.7 plot the recorded collapse intensities
and DDC, respectively, against Ds5−75 along with the fitted least-squares regres-
sion line for the three designs of NEL04 and NEL12. It can be observed from
the figures that the DDC and collapse intensities follow a decreasing trend with
increasing Ds5−75. The only exception here is the NEL12-LD frame for which
the correlation between collapse intensities and Ds5−75 was not found to be sta-
tistically significant indicating that the collapse intensities for this frame are not
observed to vary with duration.

Table 6.7 presents the median collapse intensities computed using the least-
squares fitted Equation 6.7 and using the coefficients from Table 6.6 for the dif-
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Figure 6.6: Log-log plot of collapse intensity (Sa(T1, 5%) at collapse) vs Ds5−75 with
the least-squares Equation 6.3 for the three designs of the NEL04 and NEL12 frames.
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least-squares Equation 6.3 for the three designs of the NEL04 and NEL12 frames.
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Table 6.7: Median collapse intensity, Sa(T1, 5%), for the three designs of NEL04 and
NEL12, computed at different Ds5−75 targets. The highlighted values in red are for

the targets corresponding to each design.

Frame NEL04 NEL12
Design Ds5−75 = 5 s 14 s 44 s 5 s 17 s 44 s
OD 1.09 g 0.89 g 0.72 g 0.76 g 0.62 g 0.52 g
TD 1.85 g 1.55 g 1.28 g 1.04 g 0.80 g 0.65 g
LD 2.43 g 2.14 g 1.86 g 1.29 g 1.29 g 1.29 g

ferent designs at the Ds5−75 targets of interest. The estimated median collapse
intensity for the NEL12-LD frame at any Ds5−75 target is considered to be the
geometric mean of all collapse intensities recorded from the ground motion set as
the correlation with Ds5−75 was not found to be statistically significant. Observ-
ing the median collapse intensities for NEL04-OD, it can be seen that they reduce
by 18% and 33% for Ds5−75 targets of 14 s and 44 s, respectively, as compared to
Ds5−75 = 5 s. Similarly, for NEL12-OD the median collapse intensities are 19%
and 31% lower for Ds5−75 targets of 17 s and 44 s, respectively. These results
again emphasise the motivation behind the proposed method in this study, as the
collapse risk for the designs based on current NZS 1170.5 guidelines is expected to
be noticeably higher at longer duration targets. The hazard consistent collapse in-
tensities for the designs, the collapse intensity corresponding to the target Ds5−75

on which the design is based, are highlighted in red in Table 6.7 and henceforth,
referred to as HC-CI.

The primary purpose of the proposed modification in the design process,
through Equation 6.6, has been to design structures with a uniform level of hazard-
consistent collapse risk. The median collapse intensities, presented in Table 6.7,
for the three designs of each frame are in terms of spectral intensity at their respec-
tive fundamental periods of vibration, and therefore, cannot be compared directly.
In order to compare the hazard-consistent collapse risk of the frames, their mean
annual frequencies of collapse, λcollapse, are estimated. At first, the collapse fragili-
ties of the frames are computed as lognormal cumulative probability distribution
functions with the median, µ, taken as their estimated median collapse intensity.
The lognormal standard deviation, β, of the collapse fragility curves is assumed to
be 0.6, based on the recommendations of FEMA P-695 (FEMA, 2009). This value

138



CHAPTER 6. DESIGN METHOD

Table 6.8: Mean annual frequency of collapse, λcollapse, of the three designs of the
NEL04 and NEL12 frames at different Ds5−75 targets.

Frame NEL04 NEL12
Design Ds5−75 = 5 s 14 s 44 s 5 s 17 s 44 s
OD 4.11× 10−5 7.16× 10−5 1.23× 10−4 1.05× 10−5 2.00× 10−5 3.39× 10−5

TD 1.30× 10−5 2.25× 10−5 3.92× 10−5 6.08× 10−6 1.46× 10−5 2.77× 10−5

LD 9.13× 10−6 1.36× 10−5 2.08× 10−5 4.92× 10−6 4.92× 10−6 4.92× 10−6

of β is expected to adequately account for the different modes of uncertainity con-
tributing to the variability in collapse capacity, such as record-to-record, design
and modelling related. Secondly, the seismic hazard curves for the site, Nelson,
are obtained in terms of spectral intensity, Sa(T1). The data for these curves was
obtained by performing PSHA calculations using the OpenQuake Engine (Pagani
et al., 2014) and the implementation of the New Zealand national seismic hazard
model by Horspool et al. (2017), as decribed in Chandramohan et al. (2018).
Finally, λcollapse is evaluated by integrating the product of the collapse fragility
curve and the derivative of the seismic hazard curve. Figure 6.8 illustrates the
hazard-consistent collapse fragility curves along with the hazard curves for the
analysed frames. The estimated λcollapse of the frames at different Ds5−75 targets
are presented in Table 6.8 and Figure 6.9.

In Figure 6.9 and Table 6.8, λcollapse for the designs based on current NZS
1170.5 guidelines, OD designs, indicate that the annual risk of collapse for both
frames is around twice and three times at Ds5−75 targets of Nelson and 44 s,
respectively, as compared to a target of 5 s. Once again, these results show that
if the same design is used for sites corresponding to different Ds5−75 targets, the
collapse risk of those similar frames at different sites will vary and be higher
where longer duration ground motions are experienced. It can also be observed
that λcollapse for the frames, at a particular Ds5−75 target, varies with the design
drift limit, θULS, in the order: LD < TD < OD, indicating that reducing θULS at
the design stage helps in reducing the collapse risk of the building. The hazard
consistent λcollapse (HC-λcollapse) of the designs are considered to be λcollapse at
Ds5−75 target corresponding to the design and are highlighted in red in Table 6.8
and using red circles in Figure 6.9. Comparing the HC-λcollapse for the 4-storey
frame, it can be observed that the risk of collapse of the TD and LD designs is
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around 50% lower than OD. Similarly for the 12-storey frame, HC-λcollapse for TD
is 30% higher than OD but for the LD frame is almost half of OD.

The results presented here demonstrate that the collapse risk of structures
at sites experiencing long duration records can be reduced by designing them for
lower drift limits. For example, the HC-λcollapse values of the LD frames (θULS =
1.8%) are 6 and 7 times smaller as compared to the λcollapse values of the OD frames
(θULS = 2.5%) at Ds5−75 targets of 44 s for the 4-storey and 12-storey frames,
respectively. The results further demonstrate that the variation in the annual risk
of structural collapse at sites corresponding to different duration targets can also
be reduced by modifying the design drift limits accordingly, as attempted through
Equation 6.6 in this study. Although the estimated HC-λcollapse of the modified
frame designs are not exactly the same as the original design, the variation in its
levels is observed to be noticeably reduced for the two frames. Precisely, while the
λcollapse of the 4-storey OD varies up to 300% between Ds5−75 targets of 5-44 s,
the HC-λcollapse of the two modified design versions is only 50% lower as compared
to OD. For the 12-storey frame also, the λcollapse of OD varies up to 320% between
Ds5−75 targets of 5-44 s; the HC-λcollapse of its modified design versions varies from
-50% to 30% as compared to OD.

To verify if designs with a lower θULS provide a higher DDC, the median DDC
of the frames computed at different Ds5−75 targets of interest are also presented
in Table 6.9 and Figure 6.10. For any particular design, the DDC can be observed
to be lower at a longer duration target. For example, the NEL04-OD frame has
18% and 35% lower medain DDC at Ds5−75 targets of 14 s and 44 s, respectively,
as compared to Ds5−75 = 5 s. Similarly, the median DDC of the NEL12-OD
frame are 38% and 58% lower at Ds5−75 targets of 17 s and 44 s, respectively, as
compared to DDC at a short duration target of 5 s. In general the DDC of the
different designs are seen to be increasing in the order: LD > TD > OD, implying
that the deformation capacity of frames designed using a lower θULS is generally
higher. The DDC of the OD frames, computed at Ds5−75 = 5 s, are compared
to the DDC of the two modified designs, TD and LD, at their respective design
Ds5−75 targets. These values are termed here as hazard consistent DDC, HC-
DDC, and are highlighted using dark red circles in Figure 6.10. For the 4-storey
frame, the TD and LD designs have around 80% and 60% higher HC-DDC as
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Figure 6.8: Hazard consistent collapse fragility curves of the three designs of NEL04
and NEL12, along with their respective seismic hazard curves.
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Figure 6.9: Mean annual frequency of collapse, λcollapse, for the three designs of the
(a) NEL04 and (b) NEL12 frames computed at different Ds5−75 targets, plotted
against θULS . The target Ds5−75 for Nelson is 14 s and 17 s for the NEL04 and

NEL12 frames, respectively. HC-λcollapse, λcollapse corresponding to the target Ds5−75
value on which the design is based, are highlighted using dark red circles.

compared to the original design. For the 12-storey frame, the HC-DDC of the TD
and LD versions are around 20% lower, respectively, as compared to that for OD.
Although the modified designs did not achieve the same HC-DDC values as that of
the original design, they are higher than the ones observed for the original design
at their longer duration targets. A general indication of an increase in DDC with
reducing θULS is therefore observed here and is believed to be compensating for
the increased likelihood of collapse of the frames at longer durations.

Table 6.9: DDC for the three designs of NEL04 and NEL12, computed at different
Ds5−75 targets. The highlighted values in red are for the targets corresponding to each

design.

Frame NEL04 NEL12
Design Ds5−75 = 5 s 14 s 44 s 5 s 17 s 44 s
OD 4.7% 3.9% 3.1% 6.1% 3.8% 2.6%
TD 9.8% 8.4% 5.9% 7.9% 5.0% 2.7%
LD 12.3% 10.6% 7.4% 6.7% 5.9% 5.0%
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Figure 6.10: Median DDC of the three designs of the (a) NEL04 and (b) NEL12
frames computed at different Ds5−75 targets, plotted against θULS . The target Ds5−75

for Nelson is 14 s and 17 s for NEL04 and NEL12, respectively. HC-DDC, DDC
corresponding to the target Ds5−75 value on which the design is based, are highlighted

using dark red circles.

6.4 Discussion

The choice of -0.15 as the slope a in Equation 6.4 was based on the observation
of the effect of duration on DDC in a couple of previous studies on steel and RC
moment frames. Based on the results presented here, it can be said that this
value is found to produce suitable reductions in collapse risk at different duration
targets. The application of the proposed method resulted in a lower variability of
collapse risk for designs corresponding to different duration targets. As observed
in Bhanu et al. (2022), the effect of duration on steel frames can vary in a wide
range for different frames and the extent of this effect can be hard to predict as
no general trend was observed with structural properties. Therefore, proposing
a value of a, in Equation 6.4, that leads to an exactly uniform level of collapse
risk at different duration targets and also works for a wide range of structures is
considered practically infeasible. Three out of four modified designs achieved a
lower level of collapse risk as compared to the original design. While these results
might suggest that the proposed slope is on a conservative side, the authors would
justify its use considering that for the one other case the method was not found to
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be conservative enough. Nonetheless, the results in this study give an indication
of the extent to which collapse risk can be controlled by using a = -0.15, which is
observed to work well for the two steel frames analysed.

The application of the proposed method is shown for steel frames only in
this study. However, based on a similar relationship observed between DDC and
Ds5−75 in Bhanu et al. (2021b), the results on RC frames are also expected to
be similar. In another study, Koopaee (2021) has demonstrated that reducing
θULS leads to a lower collapse probability for a range of New Zealand code-based
RC frames, indicating that Equation 6.6 can also be used for such frames to
compensate for the effect of duration. For other types of prevalent buildings, such
as RC wall frames, braced steel frames and timber frames, although well defined
relationships do not currently exist to estimate the effect of duration on DDC and
collapse intensity, they have generally been observed to be affected by duration
in a similar manner (Fairhurst et al., 2019; Hammad and Moustafa, 2020, 2019;
Pan et al., 2018). Extending the application of Equation 6.4 for these building
typologies and identifying any other typologies less sensitive to duration could
be a relevant topic for future work. Similarly, though Equation 6.4 is proposed
and validated here in accordance with the New Zealand NZS 1170.5 guidelines, a
similar approach can be devised for other seismic design codes across the world
that provide a design drift limit at a certain hazard level and are based on modern
capacity design principles. For example, ASCE 7-16 (ASCE, 2016) prescribes a
2% drift limit at design level intensities, which can be modified following Equation
6.4 with an appropriate value of a to reduce the increased likelihood of collapse
at sites with long duration targets. Another advantage of the proposed method is
that its application is not limited to force-based design approaches and can also
be extended to the displacement-based seismic design approach for structures
(Priestley et al., 2007).

A limitation of this study is that the findings are applicable to the design of
lateral load resisting systems of buildings only since the proposed method as well
as it’s application are based on numerical analysis for such systems. The effect
of gravity systems on the response of buildings to long duration motions has not
been explored in the literature so far and therefore, the proposed method is not
directly applicable to buildings whose collapse risk can be significantly affected
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by the components of such systems. It should also be noted that the collapse risk
values presented in this study are by no means absolute, but rather indicative,
and are only intended to indicate the impact of design process on the relative risk
of the case-study buildings.

6.5 Conclusion

This study developed a simple method to explicitly incorporate the effect of
duration in the seismic design process. To do so, it employed previously estab-
lished relationships between the dynamic deformation capacity (DDC) of steel
and RC frames and ground motion duration, Ds5−75, to adjust the design drift
limit, taken here as the 2.5% storey drift limit at the ULS level, θULS, given in
the New Zealand standard NZS 1170.5. The proposed reduction in design drift
limit, presented as Equation 6.6 and Figure 6.1, is expected to compensate for the
reduced DDC and increased likelihood of collapse observed for structures at sites
anticipating long duration shaking, thereby resulting in more uniform seismic risk
for structures located at different sites.

To validate its hypothesised benefits, the proposed method was applied to
the design of two case-study steel frame buildings: a 4-storey and a 12-storey
building at a site in Nelson, New Zealand. Three versions of the design of each
frame were performed: (i) the original design based on the current θULS of 2.5%,
(ii) the target design based on θULS adjusted as per Equation 6.6 for the median
Ds5−75 target of Nelson and (iii) the long duration design based on θULS adjusted
for a median Ds5−75 target of 44 s. Hazard consistent (HC) collapse assessment of
the three design versions of each frame were performed by conducting IDA using
88 ground motions belonging to a wide range of duration, 1s < Ds5−75 < 80s.
The frame designs with lower ∆ULS were observed to have an increased DDC and
a lower mean annual frequency of collapse, λcollapse. The variations in the HC-
λcollapse values of the different design versions of each frame were observed to be
less as compared to the λcollapse of the original designs at the considered Ds5−75

targets. In general, the HC-λcollapse of the modified designs were found to be lower
than that of the original designs for 3 out of 4 cases. These findings suggest that
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modifying θULS according to Equation 6.6 can effectively incorporate the effect of
duration on structural collapse risk.

Although derived in this study specifically for steel and RC moment frames
and NZS 1170.5, the application of Equation 6.6 in its raw form, Equation 6.4,
could be extended to other type of structures and design codes using a suitable
value of a. Overall, the method proposed in this study is believed to be flexi-
ble, simple and easy for practical applications. A missing link, however, is the
availability of median Ds5−75 targets for various sites. Such targets can easily be
incorporated in future amendments of the design standards, in a way similar to
the existing intensity based factors.
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Conclusions

The main objective of this dissertation was to develop a method to explicitly
account for ground motion duration in the seismic design of new buildings in New
Zealand. The first study (Chapter 2) investigated the validity of using conven-
tional loading protocols and existing semi-empirical prediction algorithms based
on those protocols for the prediction of structural response under long duration
ground motions. The second study (Chapters 3, 4 and 5) quantified the influ-
ence of duration on the dynamic deformation capacity (DDC) of structures at the
system level. The final part of the research (Chapter 6) utilised the relationship
between DDC and duration to incorporate the influence of ground motion dura-
tion on structural deformation capacity in seismic design. The conclusions and
key contributions of the work are summarised in the following section along with
the implications on the seismic design of structures. The limitations of the work
and future avenues for research to improve the knowledge on the topic are also
discussed.
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7.1 Summary and key contributions

7.1.1 Hysteretic response of structural components un-
der loading protocols representative of long duration
ground motions

Conventional cyclic-symmetric loading protocols (CP) used in practice, such
as the New Zealand protocol (Park, 1989) and ACI protocol (ACI, 2013), have a
certain number of cycles, usually 2 or 3, applied at drift levels at increments of
yield drift, θy, or 2θy. The long duration protocol (LP) employed in this study was
developed by Bazaez and Dusicka (2016) to be representative of seismic demands
from large-magnitude megathrust subduction earthquakes. Compared to CP, LP
had a considerably higher number of cycles at ductility levels up to 4θy and slightly
lower number of cycles at higher ductility levels. Although the differences in the
loading pattern of the two protocols, CP and LP, were observed in the response
of the reinforced concrete (RC) columns tested, the cumulative demands under
the two were found to be at similar levels. The ultimate deformation capacity of
ductile RC columns were found to be up to 10% lower under LP compared to CP.
The differences in the deterioration response and ultimate deformation capacity
under the two protocols were found to be more noticeable for a column with limited
ductility due to a high axial load ratio. This was attributed to the differences in
the loading pattern under the two protocols and the fact that LP was developed
for highly ductile sections. For ductile columns, the larger energy dissipation
under LP at low drift levels was found to be compensated by the larger number
of cycles in CP at higher drift levels. Therefore, conventional loading protocols
used in practice are found to be more representative of ground motions from large
magnitude subduction events than low to moderate magnitude crustal events, in
terms of seismic demands.

The Ibarra-Medina-Krawinkler (IMK) model (Ibarra et al., 2005), attributed
with parameters computed using the semi-empirical equations from Haselton et al.
(2008), was found to simulate the deteriotation response particularly well up to
the capping point, when compared with experimental results of RC columns tested
under both CP and LP. Beyond the capping point, however, the cyclic and in-cycle
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degradation in strength and stiffness predicted by the IMK model was found to be
overestimated for ductile columns and underestimated for columns with limited
ductility. Since the prediction equations developed by Haselton et al. (2008) were
based on limited experimental data in the post-capping response, a need to refine
these equations was highlighted.

Overall, this study did not find any evidence that conventional loading pro-
tocols and deterioration algorithms derived using them are not suitable for the
simulation of structural response under long duration ground motions. Instead,
the results indicated that deformation capacities estimated using conventional
protocols are more likely to be observed under long duration ground motions
from large magnitude events than short duration ground motions from low to
moderate-magnitude crustal events. Therefore, the deformation acceptance crite-
ria prescribed in existing seismic assessment guidelines, such as ASCE 41 (ASCE,
2017), are also likely to be inclusive of long duration effects.

7.1.2 Influence of ground motion duration on dynamic de-
formation capacity

This part of the study quantified the influence of duration on the dynamic
deformation capacity (DDC) of suites of modern code-based RC and steel moment
frame buildings and single-degree-of-freedom (SDOF) systems. DDC was defined
as the largest storey drift ratio (SDR) that can be sustained in the structure
without collapsing. A robust numerical algorithm was developed to compute the
DDC of a structure by conducting incremental dynamic analysis. Two spectrally
equivalent ground motions sets, a long duration set and a short duration set, were
employed to control any effects of response spectral shape. The ground motion
sets covered a wide range of duration (Ds5−75), from 1 s to 80 s, between the two
of them.

The DDC of ten RC and nine steel moment frames were found to reduce with
Ds5−75. The DDC-Ds5−75 trend was quantified through a bilinear relationship
signifying that DDC is constant for durations shorter than a critical value, Dc, and
reduces linearly in logarithmic space for longer durations. The reduction in DDC
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with increasing duration is attributed to (i) the increase in cumulative demands,
caused by the increase in number of response cycles, leading to a larger cyclic
degradation in the components and (ii) the P-∆ effects of gravity loads leading
to ratcheting. The findings suggest that current design standards, which are
implicitly tailored to short duration ground motions, overestimate the deformation
capacities, and as a result, underestimate the collapse and damage potential of
RC and steel moment frame buildings at sites susceptible to long duration ground
motions.

The bilinear DDC-Ds5−75 relationship quantified in this study presents a
method to explicitly account for ground motion duration in seismic design by ad-
justing the deformation capacities of structures based on the anticipated duration
of ground motion. The effect of duration on DDC is characterised by the slope
−a of the DDC-Ds5−75 relationship. The magnitude of −a was found to vary for
the range of moment frame buildings analysed, in the range: 0.08 ≤ −a ≤ 0.21
with a mean of 0.15 for RC frames; 0.06 ≤ −a ≤ 0.31 with a mean of 0.19 for
steel frames. In general, no trend was observed between structural period and −a
values indicating that the effect of duration on DDC is not significantly related
to the fundamental period of vibration of the building. These results were com-
plemented by the findings of a parametric study on SDOF models. The SDOF
study did not find a significant influence of the parameters: structural period, hys-
teretic model and level of ductility on the value of −a. While cyclic deterioration
was found to play a role in the observed effect of duration on DDC for systems
with either peak-oriented or bilinear hysteresis, the role of P-∆ effects was found
relevant only for bilinear systems.

Higher mode effects were found to increase cumulative demands at the upper
storeys of medium and high rise steel frames by increasing the number and ampli-
tude of response cycles. This effect was observed to increase with ground motion
intensity and duration, and structural period. Therefore, the median peak drift
demands recorded at the upper storeys of medium and high rise steel frames were
larger under the long duration set compared to the spectrally equivalent short du-
ration set at intensities corresponding to the 2% in 50 year exceedance level; the
difference was even more pronounced at higher intensities. Furthermore, collapse
mechanisms of such frames were found to vary under the two sets since the upper
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storeys were observed to be more critical under the long duration set compared to
the short duration one. The differences in the median response recorded under the
two sets were found to be correlated to the recorded number of storey drift cycles,
Neff . Providing stronger beam sections at the upper storeys was demonstrated
to minimise the impact of higher mode effects. The collapse behaviour of RC
frame buildings was, therefore, not found to be considerably different under the
two ground motion sets since the beam sections at the upper storeys had sufficient
strength.

7.1.3 Method to explicitly incorporate the effect of dura-
tion in the seismic design process of NZS 1170.5

Based on the findings of previous studies on the topic and the current study,
it was hypothesised that the effect of duration on structural damage and collapse
risk can be compensated for by reducing drifts at design level to a similar extent
as DDC is observed to reduce with Ds5−75. With the objective of achieving
approximately uniform seismic collapse risk for structures located at different
sites, a relationship (presented as Equation 6 and Figure 1 in Chapter 6) was
proposed to adjust the design drift limit, θULS, for the New Zealand standard
NZS 1170.5 (Standards New Zealand, 2004). Specifically, the 2.5% storey drift
limit at the design level prescribed in NZS 1170.5 was proposed to be reduced for
sites with median Ds5−75 targets longer than 5 s.

To verify the hypothesised benefits of the proposed method, two case-study
steel frame buildings were employed: a 4-storey and a 12-storey building at a site
in Nelson, New Zealand. Nelson’s seismic hazard has significant contributions
from large-magnitude subduction earthquakes and therefore has longer median
Ds5−75 targets relative to many other major population centres in New Zealand.
Firstly, it was found that the collapse risk of the frames at the median Ds5−75

targets of Nelson is approximately twice that at a short median Ds5−75 target of
5 s. Secondly, the frames were re-designed with the lower θULS computed from
the proposed method for the median Ds5−75 targets of Nelson and another hypo-
thetical duration target of 44 s. It was observed that designs with a lower θULS
recorded a higher DDC and lower collapse risk. Thirdly, the proposed method
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was found to reduce the range of variation in the estimated collapse risk of frames
designed for different median Ds5−75 targets. Overall, it was found that the pro-
posed method adequately compensates for the increased likelihood of collapse
of structures at sites experiencing long duration ground motions. The proposed
method is considered to be easy and simple for practical applications and its use
can be extended to other modern seismic design codes and guidelines, including
the displacement-based design approach.

7.2 Limitations and future work

7.2.1 Influence of duration on systems other than steel
and RC moment frame buildings

The experimental specimens and structural systems analysed in this study
were representative of modern code-based lateral load resisting components or
systems. In particular, the RC column specimens and SDOF models analysed in
Chapter 2, the RC and steel moment resisting frames analysed in Chapters 3 and
4 respectively, and the SDOF models analysed in Chapter 5, all belonged to the
category of ductile frames or components designed as per modern capacity design
requirements. Therefore, the findings of this study are intended to inform the
design of lateral load resisting systems of ductile frame buildings. The use of the
method can be extended to other ductile lateral load resisting systems such as
RC walls, steel braced frames, timber frames, RC wall-frame dual systems, etc.,
by following the methodology adopted in this study and finding an appropriate
slope “−a” for the system of interest.

Previous studies have found the collapse risk of non-ductile RC buildings to
be less sensitive to the influence of duration (Raghunandan et al., 2015; Chase
et al., 2021). Collapse of such buildings, which have low inelastic deformation ca-
pacities, is generally controlled by peak demands, and cumulative demands have
a smaller role to play. Therefore, the effect of duration on non-ductile and nomi-
nally ductile buildings is not expected to be of high importance, and the proposed
method is not applicable to such structures. The findings of this study are also not
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applicable to ductile buildings whose deformation capacity can be significantly in-
fluenced by components in the gravity system such as gravity columns and precast
diaphragms. The effect of duration on the collapse and deformation capacities of
such systems needs to be investigated through future studies.

7.2.2 Implications of modelling uncertainties

There were a few assumptions made to simplify the process of numerical
modelling and therefore remain as limitations of this study. Specifically, com-
ponent axial-flexural interaction was not accounted for in the lumped plasticity
model employed and the foundations were considered to be rigid. The effect of
modelling component axial-flexural and soil-structure interactions on the recorded
effect of duration was assumed to be negligible given the comparative nature of
the study. Similar assumptions were made regarding the tangent-stiffness based
Rayleigh damping approach employed in this study, the limitations of which have
been highlighted by previous studies (Priestley and Grant, 2005; Petrini et al.,
2008; De Francesco and Sullivan, 2020). Another limitation of the modelling ap-
proach was ignoring the variation in axial load demands which can affect the
hysteretic response of the columns. Such variations which are caused by dynamic
overturning effects can affect beam-column relative strength ratio and therefore,
change the hierarchy of failure modes. Member instabilities reported in deep and
slender steel columns, typical in US designs, are also not effectively considered by
the concentrated plasticity model (Wu et al., 2018). The role of gravity system on
the observed behaviour of moment frame buildings is also ignored in this study.
The consequences of these modelling limitations on the observed effect of duration
should be confirmed by future studies.

Numerical simulations performed in this study employed the IMK hysteretic
model to simulate the hysteretic behaviour of the plastic hinges located at beam-
column joints. The model parameters were computed using the predictive equa-
tions developed by Haselton et al. (2008) and Lignos and Krawinkler (2011).
Haselton et al. (2008) reported a large variance in the prediction of post-capping
response (post-capping rotation capacity and slope) due to a lack of reliable ex-
perimental data in this range. This relatively large uncertainity in the prediction
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of response beyond the point of strength capping is also highlighted in Chapter
2. Since post-capping response can affect the observed effect of duration, further
studies are required to investigate the impact of the uncertainty in post-capping
response on the recorded effect of duration on collapse and deformation capacity.

7.2.3 Other methods to account for duration in seismic
design

Similar to the method proposed in this study, there can be a few avenues
to explicitly account for duration in seismic design, such as by adjusting the
design intensity levels or ductility levels. Chandramohan (2016) and Liel et al.
(2015) have previously proposed such strategies to compensate for the increased
likelihood of collapse under long duration ground motions by adjusting the risk-
targeted maximum considered earthquake or the design base shear values for US
designs (ASCE, 2016). The results presented in this disseration indicate that
while collapse intensity is strongly influenced also by spectral shape, dynamic
deformation capacity has negligible correlation with spectral shape. Therefore,
spectral shape becomes an important parameter while accounting for the effect of
ground motion characteristics via design intensity, but can be ignored when taking
the deformation route as proposed in this study. Based on the current state of
knowledge, however, conclusions cannot be made as to which of the avenues leads
to better results in terms of achieving “uniform” collapse risk for structures at sites
with different duration targets. Future literature can benefit from comparative
studies assessing the performance and feasibility of different ways to account for
duration in seismic design.

7.2.4 Estimating the critical duration value

The critical duration value employed in this study is based on statistical
results. Over a range of buildings and SDOF systems analysed, the best fit of the
regression model was observed with Dc = 5s. This aspect of the design method
proposed can be further investigated by future studies.
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7.2.5 Accounting for the influence of duration in seismic
assessment

While this dissertation focussed on incorporating the influence of ground mo-
tion duration in the seismic design of new buildings, current seismic assessment
guidelines for existing buildings, such as ASCE 41 (ASCE, 2017), also do not have
explicit considerations for duration. Deformation capacities prescribed in assess-
ment guidelines, such as the collapse prevention deformation acceptance criteria
in ASCE 41, provide the means for the application of the proposed method in this
study for an explicit consideration of duration. Preliminary work was conducted
on this front and is presented in Bhanu et al. (2021a), provided in Appendix A.
It should also be noted that the findings in Chapter 2 and some recent studies
(Suzuki and Lignos, 2021; Rodríguez et al., 2021) indicate that deformation ca-
pacities prescribed in seismic assessment guidelines, based on experimental testing
conducted using conventional loading protocols, are highly conservative for crustal
earthquakes and likely to be inclusive of the effects of long duration shaking from
large magnitude megathrust earthquakes. Although this implies that assessment
guidelines might not require a special consideration for duration, they are still
believed to produce solutions with non-uniform levels of collapse and damage risk
for structures located at sites with different duration targets. Future work inves-
tigating these aspects further with the objective of achieving uniform risk levels
for such structures is required.
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Appendix A

Incorporating the influence of
duration on dynamic deformation
capacity in seismic assessment

This appendix is published as:

Bhanu, V., Chandramohan, R., and Sullivan, T. S. (2021). Incorporating the in-
fluence of duration on dynamic deformation capacity in seismic assessment, New
Zealand Society of Earthquake Engineering Annual Conference 2021, Christchurch,
New Zealand.
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University of Canterbury, Christchurch. 

ABSTRACT 

The dynamic deformation capacity of a structure is the peak storey drift ratio it can safely withstand 

without collapsing due to dynamic instability. In a previous study, the authors developed a robust 

procedure to compute this quantity by conducting incremental dynamic analysis and demonstrated 

that structures, on average, possess lower dynamic deformation capacities under longer duration 

ground motions. This paper proposes a method to explicitly consider this effect of ground motion 

duration in seismic assessment of existing buildings. Preliminary results indicate that the dynamic 

deformation capacity of a structure at short durations compares well with its static deformation 

capacity computed via nonlinear static pushover analysis. These results are used to develop a 

relationship to adjust the static deformation capacity of a reinforced concrete structure based on the 

mean duration of anticipated ground motions. 

1 INTRODUCTION 

Seismic design codes and assessment guidelines around the world do not explicitly consider the effect of 

ground motion duration. For example, NZS 1170.5 Supplement (Standards NZ 2004) mentions the use of a 

“magnitude-weighting” approach to account for the increase in damage-potential from longer duration 

shakings associated with large magnitude events. Tarbali and Bradley (2016), however, demonstrated that 

implicit consideration of duration and cumulative effects via causal parameters such as magnitude is not a 

reliable approach. A number of studies in the past decade have demonstrated and quantified the effect of 

duration on structural collapse capacity for a wide range of structures (e.g. Raghunandan et al. 2015; 

Chandramohan et al. 2016; Bravo-Haro & Elghazouli 2018; Pan et al. 2018; Fairhurst et al. 2019). A few 

studies have proposed methods to incorporate this effect by increasing the design ground motion intensity 

levels at sites expected to experience longer duration ground motions, in proportion to the effect that duration 

is expected to have on structural collapse capacity (e.g. Liel et al. 2015; Chandramohan 2016). These 

methods are based on the premise that buildings designed using a seismic design code are expected to 

achieve a specific collapse performance. Since specifying an explicit collapse performance objective is not a 
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uniform practice in seismic design codes employed around the world, e.g. NZS 1170.5 (Standards NZ 2004), 

alternate methods to incorporate duration in design and assessment guidelines need to be explored. 

Recent studies by the authors have quantified the effect of ground motion duration on the dynamic 

deformation capacity of structures, a quantity related to the deformations at incipient structural collapse 

(Bhanu et al. 2020; Bhanu et al. 2021). These studies analysed 10 RC and 2 steel frames to reveal a 

decreasing trend in dynamic deformation capacity with ground motion duration. This implies that under 

longer duration ground motions, structures not only collapse at lower ground motion intensities on average, 

but are also able to withstand smaller deformations before the onset of collapse. Raghunandan & Liel (2013) 

and Pan et. al (2018) have previously reported this phenomenon for RC frames and timber frames 

respectively. This reduction in structural deformation capacity is attributed to the larger number of 

deformation cycles induced by longer duration motions. 

The objective of this study is to propose recommendations to incorporate the effect of duration in seismic 

assessment guidelines by exploiting the observed relationship between dynamic deformation capacity and 

ground motion duration. To this end, nonlinear static pushover analyses are conducted to compute the “static 

deformation capacities” of 10 RC frames, in accordance with FEMA P695 (FEMA 2009). These quantities 

are compared to the dynamic deformation capacities recorded in Bhanu et al. 2021, to establish a relationship 

between static deformation capacity and duration. This relationship is proposed as the basis for explicitly 

considering the effect of duration in seismic assessment of existing buildings. 

2 DYNAMIC VS. STATIC DEFORMATION CAPACITY  

The dynamic deformation capacity (DDC) of a structure is defined as the largest storey drift ratio (SDR) it 

can safely withstand without collapsing due to dynamic instability. It can be estimated as the largest SDR 

simulated when conducting incremental dynamic analysis (IDA) (Vamvatsikos & Cornell 2002), at ground 

motion intensity levels lower than or equal to the collapse intensity. Bhanu et al. (2021) describes this 

quantity in further detail and develops a robust numerical algorithm to compute it. 

In Bhanu et al. (2021), the authors fitted a bilinear regression model to predict structural dynamic 

deformation capacity using ground motion duration for 10 modern RC frames with a wide range of structural 

periods (0.5 s – 2.3 s), varying in height from 2 to 20 storeys. Equation 1 describes the least-squares 

regression line characterising the decreasing trend in deformation capacity with Ds5-75. 

ln DDC = {
𝑙𝑛 𝐷𝐷𝐶𝑚𝑎𝑥                     ; 𝐷𝑠5−75 ≤  𝐷𝑐

𝑎(𝑙𝑛 𝐷𝑠5−75) +  𝑐1       ; 𝐷𝑠5−75 >  𝐷𝑐
                                                                                                      (1) 

where 𝐷𝑐  is a critical duration, which is assumed to be equal to 5T1 (T1 is the fundamental modal period of 

the structure), and 𝐷𝑠5−75 is the 5-75% significant duration of the ground motion (Trifunac & Brady 1975). 

This bilinear regression model is plotted in Figure 1 for the two-storey (LA02) and the twenty-storey (LA20) 

Los Angeles frames. The model suggests that the dynamic deformation capacity of a structure assumes a 

maximum and constant value, DDCmax, for durations shorter than 𝐷𝑐 and decreases linearly under longer 

durations. For example, it can be observed in Figure 1(a) for the LA02 frame with T1 = 0.53 s, that the 

predicted DDCmax is 10.4%, which decreases linearly on a logarithmic scale for durations longer than 2.7 s. 

Similarly, for the LA20 frame (T1 = 2.31 s), the model predicts a DDCmax of 5.5%, which decreases linearly 

for durations longer than 11.6 s. 

The trend described above is analogous to the reduction in deformation capacity commonly observed with 

the increasing number of loading cycles in experimental tests (Liddell et al. 2000; Pujol et al. 2006; Ou et al. 

2013). The maximum deformation capacity of a structural component is typically observed under a pseudo-

static monotonic test; the deformation capacity is observed to be lower under a cyclic test, and to decrease 

further as the number of cycles is increased. This trend of decreasing deformation capacity with number of 
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cycles is expected to translate from the component-level to the building-level. The numerical equivalent of a 

pseudo-static monotonic test is a nonlinear static pushover analysis. Hence, this study investigates the 

relationship between the maximum dynamic deformation capacity computed using Equation 1 (DDCmax), and 

the static deformation capacity estimated from a pushover analysis. 

 

 

Figure 1: Least-squares regression lines for (a) the two-storey LA02 frame, and (b) the twenty-storey LA20 

Los Angeles frame (Bhanu et al. 2021). 

FEMA P695 (FEMA 2009) proposes a method to use the results of a nonlinear static pushover analysis 

(ASCE 2017) to quantify building seismic performance factors like the shear strength (Vmax), the ultimate 

displacement (δu), and ductility (μ). The ultimate displacement capacity, δu, is estimated as the roof 

displacement at the point corresponding to 20% strength loss (0.8Vmax). Figure 2 shows an idealised 

pushover curve and demonstrates the computation of δu. This study adapts the FEMA P695 method to 

compute the static deformation capacity (SDC) of a structure in terms of storey drift ratio rather than roof 

displacement. The SDC of a structure is defined herein, as the peak SDR recorded amongst all storeys at the 

point corresponding to 20% loss in strength in a nonlinear static pushover curve. 

 

Figure 2: FEMA P695 method to compute the ultimate displacement capacity, δu, from a nonlinear static 

pushover curve (FEMA 2009). 
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The SDC is computed according to this definition for the 10 RC frames previously analysed in Bhanu et al. 

(2021). Other than the twenty-storey frame, LA20, all the analysed buildings exhibited maximum drift 

response at the first storey, corresponding to the 0.8Vmax point. For the LA20 frame, the largest SDR 

corresponding to 0.8Vmax was recorded at the third storey. Figure 3 presents the pushover curves for the 

LA02 and LA20 RC frames. Table 1 presents the DDCmax and SDC values for the 10 RC frames. The 

deformation capacities in Table 1 indicate that shorter period frames are generally able to sustain larger 

deformations compared to the longer period frames. This can be attributed to the fact these taller frames are 

designed with lower base shear coefficients in comparison with the shorter frames and could have higher P-∆ 

effects. The SDC values are observed to be 10-20% lower than DDCmax for the two- and four-storey frames 

(LA02, ST02, PL02, LA04, and ST04), and 15% higher for the twenty-storey frame (LA20). For the eight- 

and twelve-storey frames (LA08, ST08, PL08, and LA12), the SDC values are within ± 5% of DDCmax. 

 

 

Figure 3: Computation of the static deformation capacities from pushover curves of the storey with the 

largest drift response for the (a) LA02 and (b) LA20 RC frames. 

3 INCORPORATING THE EFFECT OF DURATION IN SEISMIC DESIGN AND 
ASSESSMENT 

Previous studies have demonstrated and quantified the effect of duration on collapse capacity and dynamic 

deformation capacity; computation of these quantities, however, requires a large number of time-history 

analyses and significant post-processing. Hence, the use of these parameters is not considered feasible for 

practical applications. Nonlinear static pushover analysis is, on the other hand, widely used in seismic 

assessment practice because of the relatively lower computational effort entailed. A close relationship is also 

observed between SDC computed from pushover analyses and DDCmax computed from time-history 

analyses, in Table 1. Hence, assuming that SDC ~ DDCmax, the authors propose that the effect of duration on 

dynamic deformation capacity, quantified through Equation 1, can be exploited in seismic design and 

assessment by adjusting the static deformation capacity, as presented in Equation 2. 

ln 𝑆𝐷𝐶𝑎𝑑𝑗 = {
𝑙𝑛 𝑆𝐷𝐶                                    𝑖𝑓 𝐷𝑠5−75 ≤  𝐷𝑐

𝑎(𝑙𝑛 𝐷𝑠5−75) + 𝑐1              𝑖𝑓 𝐷𝑠5−75 >  𝐷𝑐
                                                                                      (2) 
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where 𝑆𝐷𝐶𝑎𝑑𝑗  is the static deformation capacity adjusted for duration effects under a ground motion 

duration of 𝐷𝑠5−75. The coefficients 𝑎 and 𝑐1 are assumed to be the same as in Equation 1 from Bhanu et al. 

2021.  

Table 1: Comparison of the maximum dynamic deformation capacity (DDCmax) and the static deformation 

capacity (SDC) computed for the 10 RC frames.  

Frame ID* 
Fundamental Modal 

Period (s) 
𝑫𝑫𝑪𝒎𝒂𝒙 𝐒𝐃𝐂 

𝐒𝐃𝐂

𝑫𝑫𝑪𝒎𝒂𝒙
 

LA02 0.53 10.4% 8.3% 0.79 

ST02 0.57 9.7% 8.3% 0.85 

PL02 0.61 9.6% 8.0% 0.84 

LA04 0.84 9.6% 7.8% 0.81 

ST04 0.98 8.5% 7.6% 0.90 

LA08 1.53 7.0% 6.6% 0.95 

ST08 1.76 6.5% 6.4% 0.98 

PL08 1.93 6.3% 6.3% 1.00 

LA12 2.09 5.8% 6.1% 1.04 

LA20 2.31 5.5% 6.3% 1.15 

*More information regarding the design characteristics of the RC frames can be found in Bhanu et al. 2021. 

Equation 2 implies that for any duration d s, SDCmax is equal to SDC evaluated from nonlinear pushover 

analysis if d is shorter than 𝐷𝑐, and decreases linearly on a logarithmic scale for d greater than 𝐷𝑐. 

Consequently, this also implies a reduced ductility for durations d greater than 𝐷𝑐, since deformations at 

yield are not affected by ground motion duration. Based on these observations, the authors propose that 

seismic assessment guidelines, such as ASCE 41 (ASCE 2017), can possibly incorporate the effect of 

duration by adjusting the expected deformation capacity limits. For example, in ASCE 41 method of seismic 

evaluation and retrofit of existing buildings, seismic demands computed from nonlinear static or dynamic 

procedures are compared with the plastic rotational capacities outlined in the acceptance criteria 

corresponding to different performance levels of Immediate Occupancy (IO), Life Safety (LS), and Collapse 

Prevention (CP). These capacity limits are related to the deformations corresponding with certain points on 

the force-deformation curve from experiment, which is similar to a pushover curve as mentioned earlier in 

this paper. Specifically, the CP performance limit can be considered to be the same as the SDC, assuming 

that SDC also corresponds to the point where hinge strength drops by 20% from the peak. Therefore, to 

account for the reduction in deformation capacity based on the anticipated duration, the total rotational 

capacity limits can be adjusted by multiplying with a factor “k”, where k is defined through Equation 3.  

𝑘 =  
𝑆𝐷𝐶𝑎𝑑𝑗 

𝑆𝐷𝐶
                                                                                                                                                                           (3) 

The total rotational capacity here refers to the sum of the plastic rotational capacity for CP and the yield 

rotation. It is to be further explored if similar adjustments can be made for other limit states of IP and LS.  
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It should be noted that Equation 2 is a preliminary approximation of the effect of duration on static 

deformation capacity. Currently, the authors are working on refining this relationship further by exploring 

the following points observed in this paper and in Bhanu et al. 2021:  

1. There is a trend in SDC and DDCmax ratio with structural period, as observed in Table 1.  

2. The average effect of duration on dynamic deformation capacity is consistent over a range of periods 

and frames.  

3. The critical duration, below which the dynamic deformation capacity is the maximum (DDCmax) for 

a structure and is constant, is expected to be a function of the fundamental modal period of the 

structure but requires further research.  

4 CONCLUSION 

This paper is an extension of previous work by the authors demonstrating a decreasing trend in dynamic 

deformation capacity (DDC) with ground motion duration for 10 RC frames. Modifying the FEMA P695 

method, the static deformation capacities (SDC) of the analysed structures were estimated as the peak SDR 

recorded amongst all storeys at the point of 20% loss in strength in nonlinear static pushover analysis. The 

SDC of the analysed structures were found within ±20% error range of the DDC values predicted at short 

durations lower than a critical duration. A preliminary relationship was proposed to adjust static deformation 

capacity based on anticipated ground motion duration. It was further proposed that the effect of duration on 

deformation capacity can be incorporated in seismic assessment and retrofit process for existing buildings by 

adjusting the acceptable capacity limits. By doing so, structures assessed at different sites, likely to 

experience ground motions of different duration, will approximately have the same margins of safety against 

collapse. Further efforts are currently underway to refine these methods. 
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