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Abstract
In current seismic performance-based assessment approaches, nonlinear dynamic analysis
of structures generally relies on ground motions selected based on their pseudo-spectral
accelerations, with little or no consideration for ground-motion duration. Part I of this
study, presented in this article, attempts to comprehensively quantify the impact of
ground-motion duration on the nonlinear structural performance of case-study inelastic
single-degree-of-freedom systems for shallow-crustal seismicity conditions. The effect of
duration is decoupled from that of ground-motion amplitude and spectral shape by
assembling sets of spectrally equivalent long- and short-duration records. Such sets are
employed in incremental dynamic analyses of a wide range of computational models incor-
porating in-cycle and cyclic strength and stiffness deterioration. The structural response is
quantified in terms of peak- and cumulative-based engineering demand parameters.
Formal hypothesis testing is used to assess the statistical significance of duration’s impact
on the median structural capacity of the considered structural systems. Furthermore, the
derivation of duration-dependent fragility and vulnerability relationships demonstrates
that ground-motion duration effectively impacts the nonlinear structural performance of
various systems, and it should be accounted for in current practice. The fragility median
values for highly deteriorating structural systems under long-duration ground motions are
found to be up to 21% or 34.0% smaller than the short-duration counterpart if a peak- or
cumulative-based engineering demand parameter is adopted, respectively.
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Introduction

Earthquake-induced ground motions and subsequent structural/nonstructural damage
have resulted in devastating human, environmental, and economic losses in societies over
the years. Therefore, investigating the ground-motion characteristics influencing nonlinear
structural performance is essential for understanding the primary structural response and
damage/loss drivers. Current seismic performance-based assessment procedures generally
characterize ground motions in terms of amplitude and frequency-related parameters such
as peak-ground acceleration (PGA) and pseudo-spectral acceleration (SA) ordinates (i.e.
using the pseudo-acceleration response spectrum) without explicitly considering duration.
This may lead to structures with lower safety margins than expected in sites susceptible to
long-duration ground motions—assuming that ground-motion duration does impact the
structural response. The importance of amplitude and frequency content ground-motion
characteristics have been extensively investigated (e.g. Baker and Cornell, 2006; Eads et al.,
2015). However, it was not until recent years that consensus was reached on the impact of
ground-motion duration on structural response (e.g. Bravo-Haro and Elghazouli, 2018;
Chandramohan et al., 2016). Yet, limited analysis exists on the impact of ground-motion
duration on the resulting direct seismic losses (e.g. Hwang et al., 2020). Hence, this article
presents an extensive parametric study to model, quantify, and assess the significance of
the potential impact of ground-motion duration on nonlinear structural performance (i.e.
structural response and resulting damage/loss) using spectrally equivalent ground motions
and inelastic single-degree-of-freedom (SDoF) systems.

The dependence of engineering demand parameters (EDPs) on ground-motion duration
was examined at an early stage by Cornell (1997). The study considered several bilinear
SDoF systems (without in-cycle and cyclic strength and stiffness deterioration; as defined
by Ibarra et al., 2005) with different characteristics and three sets of ground motions.
Those sets were characterized by ground motions with short, moderate, and very long
duration, respectively. The global displacement ductility and the normalized hysteretic
energy were used as EDPs in the nonlinear dynamic analysis of the considered SDoF sys-
tems. The resulting structural response per system was investigated, showing that as the
utilized damage measure (i.e. R or the factor by which a ground motion record must be
scaled to cause a certain damage level) increased, the effect of duration became more
apparent when the cumulative energy-based EDP was used, at least for higher damage lev-
els and long fundamental-period systems.

To address which EDPs are more sensitive to ground-motion duration, Hancock and
Bommer (2006) performed a complete literature review on the influence of ground-motion
duration on nonlinear structural response. More than 100 investigations were compared,
concluding that selecting an appropriate EDP (eventually impacted by ground-motion
duration) must be based on the failure mode of interest for the structural system under
consideration. For example, peak-based EDPs were recommended in the case of displace-
ment levels leading to the formation of plastic hinges, global buckling, and a global
mechanism triggering the structural collapse. In contrast, cumulative-based EDPs were
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recommended in the case of repeated cyclic loading leading to fractures (generally in the
joints of steel frames), which can grow to produce global failures and structural collapse.
The fact that guidelines of most seismic codes do not account explicitly for ground-motion
duration was highlighted by the authors of the described study.

Iervolino et al. (2006) used bilinear and peak-oriented SDoF systems (24 in total with-
out in-cycle and cyclic strength deterioration) and six sets of real (i.e. as-recorded) ground
motions representing three different duration scenarios—small, moderate, and long
duration—selected based on the Cosenza–Manfredi damage index (Cosenza and
Manfredi, 1997). The study evaluated the nonlinear structural response via incremental
dynamic analysis (IDA) to derive fragility relationships for the collapse damage state (DS)
in terms of six different EDPs. In addition, hypothesis testing was performed to investigate
the statistical significance of the results. The study showed that duration’s influence on the
structural response and median collapse fragility (i.e. the median value of a collapse fragi-
lity relationship) could be captured differently depending on the chosen EDP. Cumulative
energy-based EDPs were more suitable for capturing the duration effects of such esti-
mates. The less obvious conclusion was that the results were statistically not significant if
displacement ductility and cyclic ductility EDPs were used, regardless of the structural
configuration, since strength deterioration was not considered.

Owing to the increasing availability of long-duration ground-motion records from
large-magnitude earthquakes, research on duration effects became more robust than in
past studies in which long-duration records were mainly generated synthetically (e.g.
Raghunandan and Liel, 2013; Sarieddine and Lin, 2013). For instance, Raghunandan and
Liel (2013) analyzed the ground-motion duration impact on the median collapse fragility
of old and modern (i.e. non-ductile and ductile, respectively) reinforced concrete (RC)
frames using both recorded and simulated ground motions. Record selection was based
solely on PGA and 5%–95% significant duration (Ds5�95), without accounting for spectral
shape, although it is known that spectral shape affects the structural response significantly
(Haselton et al., 2011). Two-dimensional building computational models were constructed
using a lumped plasticity nonlinear modeling strategy, with models able to account for in-
cycle and cyclic deterioration of strength and stiffness (Ibarra et al., 2005; Lignos and
Krawinkler, 2011) and including geometric nonlinearities from P� D effects. The study
concluded that duration leads to a 26%–56% reduction in the median collapse fragility
obtained via IDA (comparing long- against short-duration ground motions).

To decouple the impact of ground-motion amplitude and spectral shape from that of
duration, Chandramohan et al. (2016) selected sets of spectrally equivalent (i.e. ground
motions with matching pseudo-acceleration response spectra) long- and short-duration
ground motions (Foschaar et al., 2011), with earthquake records from subduction tectonic
regions (ground-motion duration was quantified using 5%–75% significant duration).
The effect of ground-motion duration on structural collapse was examined using the maxi-
mum interstory drift ratio (MIDR) as an EDP for two structural systems: a steel moment-
resisting frame and an RC bridge pier model. In both models, a lumped plasticity non-
linear modeling strategy was adopted. The plastic hinges included models capturing the
in-cycle and cyclic deterioration phenomena and geometric nonlinearities from P� D

effects. It was concluded that the median collapse fragility of the considered structural sys-
tems could decrease up to 29% in the steel moment-resisting frame and up to 17% for the
RC bridge pier. In Figure 1a and b, an example of long and short spectrally equivalent
ground motions is shown. This method to decouple spectral shape from duration effects is
also used in this study, as detailed in section ‘‘Ground-motion selection.’’
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To investigate the influence of ground-motion duration at different levels of structural
damage less severe than collapse, Barbosa et al. (2017) analyzed three different steel
moment-resisting frames designed using pre-Northridge seismic codes. Two-dimensional
building computational models were developed with columns modeled using nonlinear
force-based fiber-section elements and beams modeled using force-based finite-length
plastic-hinge elements. Shallow-crustal and subduction ground-motion records were uti-
lized, but only 10 of them were spectrally matched to account for the spectral shape
effects. MIDR and two different damage indices (DIs) were used as EDPs (i.e. Park and
Ang, 1985; Valles and Reinhorn, 1996). The results were estimated in terms of median DS
fragility obtained directly from the IDAs. This study concluded that for low levels of spec-
tral acceleration (i.e. low-intensity levels), the influence of duration on the structural
response is negligible using the selected EDPs; the opposite behavior was observed for
large spectral accelerations. Two levels of damage were utilized to assess the response of
the systems using the DIs. Due to the impact of duration, reductions in the DIs ranging
from 12% to 67% were observed.

More recently, Bravo-Haro and Elghazouli (2018) determined that the influence of
duration (quantified as 5%–75% significant duration) is particularly evident at intensity
levels near the dynamic instability of the considered structures. Specifically, various IDAs
were performed on four selected steel moment-resisting frames, indicating a higher prob-
ability of collapse for long-duration ground-motion records, with an average reduction of
17% in the median collapse fragility (maximum of 24%). The two-dimensional building
computational models included in-cycle and cyclic deterioration phenomena and geometric
nonlinearities from the P� D effects. By examining a broader range of fundamental struc-
tural periods using the median collapse capacity spectrum, reductions of up to 40% were
observed, highlighting the inadequacy of typical seismic-code guidelines, primarily based
on short-duration ground motions (i.e. based on peak nonlinear structural response). This
was particularly evident when the median collapse capacity spectrum results obtained
through a long-duration ground-motion set were compared with results achieved from a
duration-independent set of records, the latter being recommended in the FEMA P695
(FEMA, 2009).

In general, the conclusions reached by previous studies depend on the nature of the
ground motions used, the intensity measures (IMs) used to quantify duration, the charac-
teristics of the computational models implemented, and notably, the considered EDPs.

Figure 1. Chuetsu-Oki (Japan) and Loma Prieta (USA) earthquake-induced ground motions: (a)
pseudo-acceleration response spectra, and (b) long- and short-duration time series.
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Peak-based demands (e.g. maximum displacement, Dmax) did not show a clear correlation
with ground-motion duration, whereas cumulative-based demands (e.g. dissipated hystere-
tic energy, Eh) showed a much stronger correlation. Despite the significant number of stud-
ies on this subject, the impact of ground-motion duration on structural response and, more
generally, on seismic fragility and vulnerability still requires further research (e.g. Hwang
et al., 2020). Current performance-based assessment practice classifies structural damage
using maximum global deformations obtained from nonlinear structural analyses, consid-
ering a range of ground-motion levels. The results are then statistically processed to derive
the distribution of structural response and resulting damage/loss estimates. However, no
consideration is typically made regarding the severity and the number of inelastic cycles a
system may undergo, with cumulative inelastic deformations leading to an excessive dete-
rioration of relevant mechanical properties such as strength and stiffness. Indeed, long-
duration ground motions usually cause significant damage to structural components at
deformation levels considerably lower than those noted under a monotonic loading (e.g.
Bojórquez Mora et al., 2009; Cheng et al., 2015; Choi and Kim, 2009).

In the literature, DIs have been generally used to assess the duration effects on struc-
tural damage (i.e. fragility analysis), accounting for the number of inelastic cycles experi-
enced by a structural system (e.g. Belejo et al., 2017; Pan et al., 2020). However, most DIs
(e.g. Park and Ang, 1985) do not consider the decrease in strength and stiffness of struc-
tural components, leading to increased deformations in a system. Currently, advanced
deterioration models incorporating cyclic and in-cycle strength and stiffness deterioration
have been derived to deal with the above issue (e.g. Ibarra et al., 2005; Lignos and
Krawinkler, 2011), having a twofold deterioration behavior equivalent to the two-part
damage concept as the Park-Ang index. Chandramohan et al. (2016) demonstrated that
by using such models and a peak-based EDP, duration effects on structural response could
be observed at high-intensity levels when approaching collapse DS.

Together with Part II of this study (i.e. Otárola et al., 2023), this article aims to broadly
model, quantify, and assess the impact of ground-motion duration on the nonlinear struc-
tural performance, from structural response to damage/loss. Specifically, this first study
investigates whether ground-motion duration effectively influences the nonlinear struc-
tural performance of case-study SDoF systems through a comprehensive parametric anal-
ysis using spectrally equivalent ground motion records, appropriate nonlinear modeling
strategies, EDPs accounting for duration explicitly, and efficient and sufficient (e.g. Luco
and Cornell, 2007) IMs able to capture the combined effects of duration and spectral
shape. Notably, it aims to provide the required tools to assess the impact of ground-
motion duration in large-scale (regional) seismic risk assessment exercises (i.e. fragility/vul-
nerability relationships) according to current state-of-the-practice (e.g. Martins and Silva,
2021; Villar-Vega et al., 2017). The companion paper introduces an end-to-end seismic
performance-based assessment framework relying on site- and building-specific analyses,
including ground-motion duration explicitly, as a direct continuation of this article. In
such manner, the main novelties of this study are summarized as follows:

� Implementation of Eh as an explicit indicator of damage accumulation: structural
response assessment is performed using average pseudo-spectral acceleration
(avgSA) as the primary IM and alternatively as an EDP: (a) Dmax, implicitly account-
ing for duration through the adopted nonlinear modeling strategy; and (b) Eh, expli-
citly accounting for duration through the adopted nonlinear modeling strategy and
its cumulative nature.
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� Case-study SDoF systems with several dynamic properties and hysteretic behaviors:
a total of 180 distinct SDoF systems are used to study the potentially exacerbated
reduction of structural capacity observed using Eh as EDP, compared with the one
obtained in Dmax terms for the full range of structural behavior. Hypothesis testing
is extensively used to confirm the statistical significance of the attained results in
terms of both EDPs.

� Assessment of the impact of ground-motion duration on damage/loss: duration
effects on damage and loss estimates are investigated at different DS than collapse.
Fragility and vulnerability relationships are derived to investigate such effects on
fragility median values and expected annual losses (EALs) through relative compar-
isons between the results achieved under long- and short-duration ground motions
using a single synthetic hazard curve.

This article is organized as follows. Section ‘‘Methodology’’ describes the methodology
employed in this article, namely, the ground-motion selection procedure and the approach
to assess the impact of ground-motion duration on the nonlinear structural performance.
Section ‘‘Results and Discussion’’ presents the main findings from the analyses based on
thoroughly examining the results. These results are also compared against the relevant lit-
erature findings mentioned above. Section ‘‘Conclusions’’ outlines the main conclusions of
this study.

Methodology

The adopted methodology (Figure 2) consists in decoupling the ground-motion duration
effects from those of amplitude and response-spectral shape, assembling sets of spectrally
equivalent long- and short-duration ground motions as described in Chandramohan et al.
(2016). These ground-motion sets are employed in comparative IDAs to derive fragility
and vulnerability relationships for various structure-specific DSs and each SDoF system in
analysis. Formal hypothesis testing is extensively used to quantitatively assess the statistical
significance of the differences in the structural capacity due to duration effects. The reduc-
tions in fragility median values and EALs due to duration are carefully examined. Details
related to each aspect of this methodology are introduced in the specific subsections.

Case-study systems

A parametric study on a set of SDoF systems is conducted to identify the influence of
ground-motion duration on nonlinear structural performance with limited computational
effort. These systems are used since they depend on a low number of parameters and
assumptions, providing valuable insights into a broader range of general cases, and are
currently employed in state-of-the-practice regional seismic risk assessment applications
such as the Global Earthquake Model (e.g. Martins and Silva, 2021; Villar-Vega et al.,
2017). To numerically simulate the structural response of the SDoF systems, OpenSees
v3.2.2 (Mazzoni et al., 2006) is adopted. A linear piece-wise backbone curve (Figure 3)
describes the inelastic behavior of the systems under monotonic loading (including in-cycle
strength deterioration). Specifically, backbones are defined in this study by the following
parameters: yield base shear coefficient, Cy; residual base shear coefficient, Cr; hardening
stiffness ratio, as; post-capping stiffness ratio, ac; ductility capacity, m; fundamental struc-
tural period, T (base shear coefficient is equal to the base shear at each displacement of
interest over the total system weight). The initial stiffness, k (Equation 1); ultimate base
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shear coefficient, Cu (Equation 2); yield displacement, Dy (Cy=k); ultimate displacement,
Du (mDy); residual displacement, Dr (equation 3) are computed using the above-defined
parameters as indicated. The built backbones are symmetric with respect to the origin (i.e.
base shear coefficient and displacement equals zero). It is worth mentioning that Du is the
threshold defining the pre-capping and post-capping structural behavior. Each study case
is assumed to have a unitary mass (m) and a constant mass-proportional viscous damping
coefficient (equal to 5% of the critical damping):

k =
4p2m

T2
ð1Þ

Figure 2. Adopted methodology to assess the impact of earthquake-induced ground-motion duration
on nonlinear structural performance.
SDoF: single-degree-of-freedom.

Figure 3. General definition of SDoF system backbones.
Cy : yield base shear coefficient; Cu: ultimate base shear coefficient; Cr : residual base shear coefficient; Dy : yield

displacement; Du: ultimate displacement; Dr : residual displacement; k: initial stiffness; as: hardening stiffness ratio; ac:

post-capping stiffness ratio; m: ductility capacity.
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Cu = Cy + Du � Dy

� �
askð Þ ð2Þ

Dr = Du + Cu � Crð Þ ackð Þ�1 ð3Þ

The complex nonlinear cyclic and in-cycle behavior of each study case is characterized
by the modified Ibarra–Medina–Krawinkler (IMK) deterioration model (Ibarra et al.,
2005; Lignos and Krawinkler, 2011) with different hysteretic behaviors: (a) ‘‘kinematic
hardening’’ response with no stiffness deterioration (Figure 4a), to ideally represent ductile
welded steel structures (BL) (e.g. Bravo-Haro and Elghazouli, 2018); (b) ‘‘peak-oriented’’
response with stiffness deterioration (Figure 4b), to ideally represent ductile reinforced
concrete structures (PO) (e.g. Chandramohan et al., 2016); and (c) ‘‘pinched’’ response
with stiffness deterioration (Figure 4c), to ideally represent existing structures with non-
ductile behavior and pinching like some pre-seismic-code concrete and wood structures
(PI) (e.g. Pan et al., 2020). Although these deterioration models were developed for struc-
tural components (rather than for structural systems), it is assumed that the global struc-
tural response follows the same hysteresis and deterioration behavior as a representative
component. It may be unrealistic to consider that all the structural components have the
same deterioration properties and yield and deteriorate simultaneously. Nevertheless, such
assumptions are often made when multi-degree-of-freedom (MDoF) structures are repre-
sented with SDoF systems (e.g. for building-portfolio seismic risk assessment) without jeo-
pardizing the generality of the results (e.g. Ibarra et al., 2005).

It is worth mentioning that these deterioration models present a twofold behavior (i.e.
cyclic strength and backbone deterioration), similar to the two-part damage concept

Figure 4. SDoF system hysteresis: (a) Ibarra–Medina–Krawinkler (IMK) deterioration model with a BL
(i.e. kinematic hardening) response, (b) IMK model with a PO (i.e. peak-oriented) response, (c) IMK
model with a PI (i.e. pinched) response, and (d) sensitivity of the cyclic behavior for various l values of a
model with PO response.
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adopted in some cumulative damage models (e.g. Park and Ang, 1985). Consistently to
Ibarra et al. (2005), cyclic strength deterioration depends on Eh following the rule devel-
oped by Rahnama and Krawinkler (1993), with the so-called ‘‘deterioration parameter’’
(l) controlling the deterioration rate: large l values will cause the SDoF systems to experi-
ence low deterioration, while small l values will cause the SDoF systems to experience
high deterioration (Figure 4d). To provide a wide sensitivity study, the selected values for
this parameter are l = 15,l = 25,l = 50,l = 100, and l = Inf (no cyclic strength dete-
rioration will be experienced for l = Inf) based on a sensitivity analysis performed by the
authors (similar values were utilized in Ibarra et al., 2005). The backbone controls the in-
cycle strength deterioration of the SDoF systems through its decreasing trend, where the
negative stiffness can be observed (i.e. between Du and Dr). Two different strength dete-
rioration modes are used simultaneously, as defined within the IMK model, the first called
‘‘basic strength deterioration’’ and the second ‘‘post-capping strength deterioration.’’ No
‘‘unloading stiffness’’ and/or ‘‘accelerated reloading stiffness’’ deterioration modes are uti-
lized in this study since attention is given to cyclic and in-cycle strength deterioration; stiff-
ness deterioration influence can be inferred from a comparison between SDoF systems
with BI and PO hysteretic responses, for instance. For both the aforementioned deteriora-
tion modes, the same l value is used according to Ibarra et al. (2005).

The analyzed SDoF systems are grouped according to their respective backbones from
A to L (Table 1). Each backbone is related to a combination of the above-mentioned hys-
teretic models and l parameters, thus defining 180 different SDoF systems in total. The
same yield base shear coefficient is assigned in all the cases since the results would simply
be scaled linearly by changing this parameter (Cy= 0.30) (Vamvatsikos and Cornell,
2006), especially true for systems with low-to-moderate displacement ductility capacity.
The same residual base shear coefficient is assigned in all the cases to have a minimum
residual structural capacity, where collapse is assumed to occur (Cr= 0.10) (i.e. systems
assumed to be affected by P� D effects). The same hardening stiffness ratio is assigned in
all the cases since previous investigations revealed that this parameter has a minor influ-
ence on structural response for values between 0.03 and 0.08 (as= 0.03) (e.g. Nassar and
Krawinkler, 1991). The chosen post-capping stiffness ratios characterize small- to high-
strain-softening structures (e.g. Elwood and Moehle, 2003). The ductility capacity values
are characteristic of low- to high-ductile structures. Finally, the selected fundamental
structural periods represent typical low- to high-rise structures. It is worth mentioning that
geometric nonlinearities are not included in the computational models; although impor-
tant, this is not considered a major drawback since the pre-capping and post-capping
structural behavior are explicitly modeled; mimicking the potential P� D effects on the

Table 1. Specific definition of SDoF system backbones

Param Backbone definition

A B C D E F G H I J K L

Cy (g) 0.30
Cr (g) 0.10
as 0.03
ac 20.30 20.15 20.30 20.15 20.30 20.15 20.30 20.15 20.30 20.15 20.30 20.15
m 2.00 2.00 4.00 4.00 2.00 2.00 4.00 4.00 2.00 2.00 4.00 4.00
T (s) 0.50 0.50 0.50 0.50 1.00 1.00 1.00 1.00 2.00 2.00 2.00 2.00

SDoF: single-degree-of-freedom; Param: backbone parameters.
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backbones (e.g. development of negative post-capping stiffness and reduced residual base
shear). The importance of such effects has been investigated in Chandramohan et al.
(2016).

As mentioned, the defined SDoF systems can capture ground-motion duration effects
on the structural response because Eh controls the strength cyclic and in-cycle deteriora-
tion. Other deterioration models unable to capture this deterioration phenomenon were
utilized in the past literature, making it highly unlikely to capture duration effects when
the demands are measured in terms of peak-based EDPs (e.g. Dmax; MIDR), as duration
does not influence peak response directly (e.g. Iervolino et al., 2006). Ground-motion dura-
tion impacts the structural strength and stiffness in a cumulative damaging process, affect-
ing peak response in turn. Therefore, duration’s influence on peak response cannot be
captured unless stiffness and strength cyclic and in-cycle deterioration is explicitly modeled.
Since spectrally equivalent ground motions are employed, other ground-motion character-
istics (e.g. amplitude and spectral shape) are not expected to contribute significantly to the
structural response variability when comparing results using long- and short-duration
record sets. Dmax and Eh are used in this study as EDPs for comparison purposes. In the
case of Dmax, the impact of duration on nonlinear structural response and performance is
captured implicitly through the effect of the strength and stiffness deterioration (e.g.
Chandramohan et al., 2016). In the case of Eh, this effect is captured explicitly by defini-
tion, based on the previous point, and due to its cumulative behavior, as discussed in more
detail in section ‘‘General trends.’’

DS thresholds definition

Structure-specific DSs are necessary to describe the structural performance level of each
SDoF system. These can be defined by setting specific values of the chosen EDPs (i.e. Dmax

and Eh). The DS thresholds in Dmax terms are defined according to the ASCE/SEI 41-17
guidelines (American Society of Civil Engineers, 2017) as follows: (a) slight damage state
(DS1), for which the DS threshold corresponds to Dy; (b) moderate damage state (DS2),
for which the DS threshold corresponds to 75% of Du; (c) extensive damage state (DS3),
for which the DS threshold corresponds to Du; and (d) complete damage state (DS4), for
which the DS threshold corresponds to Dr (i.e. collapse). These thresholds are set to inves-
tigate further the impact of ground-motion duration at different nonlinear structural per-
formance levels. Although a detailed derivation of the thresholds based on more realistic
criteria is out of the scope of this study, this specific issue is tackled in Part II of this study
using multiple measurable criteria from the component to the global system level (e.g.
Aljawhari et al., 2021).

For the case of DS thresholds defined in terms of Eh (i.e. a cumulative-based EDP that
monotonically increases with the length of the applied excitation), a structure-specific
pseudo-parabolic relationship between Dmax and Eh, as proposed by Gentile and Galasso
(2021), is used to define energy-based DS thresholds established from the more reliable
(and widely available) deformation-based ones. Since Eh is ground-motion-dependent,
IDA (section ‘‘Seismic response analysis’’) is used to compute an individual Dmax versus Eh

relationship (Figure 5a) for each record (including both short- and long-duration ground-
motion records), where Eh is estimated as the area under the force–displacement relation-
ship (without including elastic strain energy since it is zero for a system in the elastic range).
Consistently with the common practice of neglecting the variability of the Dmax-based DS
thresholds in deriving fragility relationships, the Dmax to Eh conversion is herein carried out
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neglecting the Eh|Dmax variability; therefore, Eh-based DS thresholds are obtained in med-
ian terms. The existence of such a stable relationship between a peak-based EDP and Eh

(e.g. Dmax vs Eh) has been confirmed by numerical dynamic analyses of SDoF systems sub-
jected to ground motions (e.g. Quinde et al., 2021; Terán Gilmore, 2001) and quasi-static,
cyclic experimental tests on individual structural components (e.g. Erberik and Sucuo�glu,
2004; Scribner and Wight, 1980). A wide distribution of Ds5�95 is used to build such a med-
ian relationship (Figure 5b), avoiding bias in the estimations due to an improper consider-
ation of the structural response variability due to ground-motion duration. It is observed
that duration is well correlated to the amount of hysteretic energy dissipated by a structure
(Pearson correlation coefficient between 0.6 and 0.7; for example, Gentile and Galasso,
2021); therefore, duration can explain the variability of Eh given Dmax, because Ds5�95 can
be a good proxy for the number of plastic excursions of a structural system. Nevertheless,
the relevant experimental/field data may be used to provide a deeper confirmation to such
hypothesis.

Ground-motion selection

The main definitions of ground-motion duration include (a) uniform duration, which con-
siders the sum of the intervals for which the ground acceleration is above a specified
threshold acceleration (Bolt, 1973); (b) bracketed duration, which is defined as the interval
between the first and last excursions of a specified threshold acceleration (Ambraseys and
Sarma, 1967); and (c) significant duration, which is defined as the interval between the
times at which different specified values of Arias intensity are reached (Trifunac and
Brady, 1978). Many other metrics that are implicitly correlated to ground-motion dura-
tion, which may not directly be expressed in time units, have also been proposed (e.g.
Cosenza and Manfredi, 1997). Ds5�95 representing the interval between 5% and 95% of
the normalized area under the Arias intensity integral is regarded as an efficient and suffi-
cient IM (Chandramohan et al., 2016) as well as hazard computable and is adopted in this
study. Figure 6a and b illustrates the definition of significant duration using a Chuetsu-
Oki (Japan) ground motion.

The ground-motion records employed in this study are a subset of the Pacific
Earthquake Engineering Research Center–Next Generation Attenuation Relationships for

Figure 5. Definition of energy-based DS thresholds from the Dmax versus Eh curve for an SDoF system
with an IMK model with PO-A-l = 15: (a) energy-based DS thresholds derivation, and (b) Ds5�95

distribution for each curve associated with the selected ground-motion records.
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Western United States (NGA-West2) database (Ancheta et al., 2013). The database
includes over 21,000 three-component uniformly processed records from shallow-crustal
earthquake events in worldwide active tectonic regions, with a moment magnitude (Mw)
ranging from 3.0 to 7.9 and rupture distances of 0.1–1533 km. Subsets of this database
have been used to develop the NGA-West2 suite of ground-motion models (GMM) for
various IMs worldwide. For this study, two spectrally equivalent sets are defined, named
long and short duration, with duration defined in terms of Ds5�95. Initially, the long-
duration ground-motion set is selected considering all the records within the NGA-West2
database complying with the following criteria (defined by the authors to have a set of
records of engineering significance and to avoid near-fault effects in the ground motions):
(a) 10 km <Rrup< 250 km; (b) 30s <Ds5�95< 60s; (c) minimum Mw = 5.0; (d) minimum
PGA = 0.10 g; and (e) minimum PGV = 10 cm/s. Rrup is the minimum source-to-site dis-
tance, while PGV is the peak-ground velocity.

The previous data screening results in the selection of 188 long-duration ground-motion
records. A companion short-duration record set is assembled, selecting for each long-
duration record a corresponding record with Ds5�95 smaller than 30 s and closely matching
its response spectrum. Such limit is selected after checking the distribution of Ds5�95 for
the available ground-motion records (Figure 7a), finding a balance between records being
suitably long to observe an impact due to duration, but not that long to result in a small
set (similar to Chandramohan et al., 2016). An upper limit of 60 s was defined to avoid
bias in further analyses, as discussed later in section ‘‘Hypothesis testing.’’ As described in
Chandramohan et al. (2016), the target response spectrum of each long-duration record is
discretized at periods from 0.01 to 6.00 s, with a step of 0.01 s (i.e. a total of 600 periods),
with a geometric mean �L. The corresponding spectral ordinates with a geometric mean �S,
are calculated for all the companion short-duration ground-motion records. The spectral
ordinates of each short-duration record are then scaled by a factor f =�L/�S, such that the
geometric mean of the spectral ordinates of the scaled record (f �S) is equal to the one ini-
tially computed for the long-duration record (�L). A conventional constraint of 0.2 <f < 5.0
is imposed to avoid excessive scaling in the record selection (Luco and Bazzurro, 2007).
The sum of squared errors (SSEs) is used to measure the difference between each candidate
pair of long- and short-duration records (Equation 4). Ultimately, the 100 record pairs
with the lowest SSE are selected for performing IDAs on the several case-study SDoF sys-
tems (the attained SSE values vary from 0.19 up to 0.95 g2):

Figure 6. Significant duration of a Chuetsu-Oki (Japan) earthquake-induced ground motion: (a) ground-
motion acceleration time series, and (b) Ds5�95 definition.
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SSE =
X600

i = 1

Li � fSið Þ2 ð4Þ

Figure 7a also presents the distribution of the Ds5�95 ratios between pairs of spectrally
equivalent ground motions. It is noted that the Ds5�95 for the selected long-duration
records is always at least twice when compared with the short-duration ones (Ds5�95 ratio
median equals 2.76, with 66 values between 2.0 and 3.0). This could indicate that struc-
tural response and damage/loss estimates can vary strongly with duration if spectrally
equivalent ground motions with Ds5�95 ratios as small as 2.0 can produce significant dif-
ferences in the results. Following the above-described procedure, duration effects are
expected to be decoupled from those due to ground-motion amplitude since each spectral
shape pair has a close match (Figure 7b). In other words, by having such a good agree-
ment between median, 16th, and 84th percentile pseudo-acceleration response spectra, the
exhibited variability in the results (i.e. structural response and hence, damage/loss) will be
a direct consequence of ground-motion duration effects. It is important to highlight that
Ds5�95 is negatively correlated (i.e. ;20.6) with SA ordinates (i.e. spectral shape) up to
fundamental structural periods of 1.5–2.0 s, as demonstrated by Huang et al. (2020)
(among others; for example, Bradley, 2011). As a result, it is highly unlikely that ground
motions from distinct earthquakes recorded at the same location exhibit similar response
spectra, yet very distinct durations. However, such a scenario can represent a pair of
ground motions observed at two different sites (a condition of interest in the case of
regional seismic loss analyses) or sites characterized by seismic hazard disaggregation
showing a bimodal distribution of earthquake magnitudes and source-to-site distances
contributing to ground-motion exceedance. Another critical aspect inherent to the IDA
framework is that the variation of spectral shape with different conditional intensities is
not captured. The stated issues are thoroughly addressed in Part II of this study.

Seismic response analysis

IDA involves subjecting a building/structure computational model to several ground-
motion records, each scaled to multiple intensity levels, producing curves of EDP versus

Figure 7. Selected long- and short-duration ground-motion record sets: (a) Distributions of Ds5�95 for
the selected sets and of Ds5�95 ratio between spectrally equivalent ground-motion records, and (b)
median, 16%, and 84% percentile pseudo-acceleration response spectra for each set.
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IM (Vamvatsikos and Cornell, 2004). The scaling levels are appropriately selected to force
the given structure through the entire range of behavior, from elastic to inelastic and finally
to global dynamic instability, likely corresponding to collapse. avgSA (e.g. Eads et al.,
2015) is the amplitude-based IM considered in this study. It is computed as the geometric
mean of SA s in the period range [T1, 2T1] with increments of 0.05 s and is considered a
good proxy of amplitude and spectral shape. Such range was selected since for the defined
study cases, the dispersion in the nonlinear structural response will not decrease signifi-
cantly when using SA ordinates below the fundamental structural period, as demonstrated
by Eads (2013). In addition, higher-mode periods are not deemed relevant because only
SDoF systems are considered. This IM is selected since it is proven to be more efficient and
sufficient than other typical IMs (e.g. Eads et al., 2015; Kohrangi et al., 2017a), meaning
that (a) its use results in relatively small variability of the EDP given IM, reducing the
number of nonlinear dynamic analyses and ground-motion records necessary to estimate
the conditional distribution of EDP versus IM with adequate confidence—efficiency; and
(b) fragility and vulnerability analysis outcomes are expected to be less sensitive to other
seismological features and ground-motion characteristics (e.g. earthquake magnitude and
source-to-site distance), compared with typical IMs—sufficiency. In other words, both
record-to-record and site-to-site variability are reduced. Moreover, avgSA can serve as a
single common IM for a class of structural systems (e.g. building types). This makes it a
practical tool for large-scale (regional) seismic risk assessment exercises, given the reduced
site dependency (i.e. the adverse multi-site effects are reduced; Kohrangi et al., 2017b). The
IDA curves for an example SDoF system with an IMK model with PO-A-l= 15 (with
Dmax as EDP; Table 1) using the long- and short-duration ground-motion sets are shown in
Figure 8a and b, respectively. Dmax is estimated as the maximum displacement experienced
by the system under a certain earthquake-induced ground motion; while Eh is estimated as
the area under the hysteretic (i.e. force–displacement) response as mentioned before.

Hypothesis testing

Formal hypothesis testing (e.g. Kass et al., 1974) is used to evaluate whether the impact of
ground-motion duration on nonlinear structural response is statistically significant or not.
The corresponding nonlinear structural capacity values at the onset of a DS (e.g. colored
points in Figure 8a and b) are acquired from the IDA results associated with each SDoF
system. Linear regression through the ordinary least squares approach (e.g. Neter et al.,

Figure 8. IDA curves for an SDoF system with an IMK model with PO-A-l= 15 when implementing a
nonlinear dynamic analysis using the (a) long- and (b) short-duration ground-motion sets.
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1996) is fitted to the Ds5�95 versus avgSA data points in log–log space, for the ith DS as
shown in Equation 5. b0 and b1 are the model’s regressor coefficients, while e is a normal
random variable related with the error of the residuals with zero mean and variance s2.
The above procedure is repeated per each study case; therefore, a total of 180 models are
fitted for each DS:

ln avgSAdsi
ð Þ= b0 + b1ln Ds5�95ð Þ+ e;N 0, s2

� �
; i = 1, . . . , 4 ð5Þ

The performed test refers to the significance of the coefficient b1 (or slope), assuming
that the null hypothesis (H0) is that b1 is equal to zero, while the alternative hypothesis
(H1) is that the coefficient is different from zero, with a 95% significance level (i.e. choosing
an I-type risk equal to 0.05). The probability of obtaining test results at least as extreme as
the results observed under the assumption that the null hypothesis is correct (i.e. p-values)
is estimated (the t-statistic value to apply this test is calculated by dividing the b1 value
over the standard error of this coefficient). If the p-value is smaller than the conventional
threshold of 0.05, the result is considered statistically significant (e.g. Neter et al., 1996).
To avoid bias in the results, it is checked that the residuals are normally distributed for
each linear regression performed utilizing the Jarque–Bera test of normality (Jarque and
Bera, 1987). Figure 9a and b corresponds to the results from an example SDoF system with
an IMK model with PO-A-l= 15, of the above-depicted approach for DS2 and DS4,
respectively. In the case of Figure 9b, the reduction of capacity with an increase in duration
is evident and statistically significant, as quantitatively verified by the corresponding
p-value, as opposed to what is observed in Figure 9a.

Fragility and vulnerability relationships

System-level seismic fragility is the probability of reaching or exceeding a DS for a given
value of IM. Assuming a lognormal distribution (Equation 6), the fragility relationships
mean, ln(u) (i.e. u represents the median of the IM values in linear space) and logarithmic
standard deviation, b (i.e. dispersion) are computed with Equations 7 and 8, respectively
(e.g. Porter et al., 2007). In these equations, n is the number of considered ground motions
and IMi is the IM value associated with the onset of a DS for the ith ground-motion
record. An example of fragility relationships fitted employing this approach (using the

Figure 9. Ds5�95 versus avgSA obtained from an SDoF system with an IMK model with PO-A-l= 15: (a)
constant structural capacity in DS2, and (b) structural capacity decrease in DS4.
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long- and short-duration ground-motion sets) for an SDoF system with an IMK model
with PO-A-l= 15 is shown in Figure 10a, in which the colored dots represent the empiri-
cal cumulative distribution function (ECDF):

P(DS ø dsijIM) = F
ln IM=uð Þ

b

� �
ð6Þ

ln uð Þ=
1

n

Xn

i = 1

ln IMið Þ ð7Þ

b =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

Xn

i = 1

ln
IMi

u

� �� �2

vuut ð8Þ

Vulnerability relationships are herein expressed in terms of mean loss ratio (LR); in
other words, the mean repair-to-replacement cost ratio of the building/structure, condi-
tional on the level of ground-shaking IM. According to Equation 9, such functions are
derived using the total probability theorem. The term P DS = dsijIMð Þ (Equation 10) is the
probability that the DS is equal to dsi (i.e. the probability of being in a DS), while DLRi is
the damage-to-loss ratio for the ith DS. It is worth mentioning that the P(DS = ds4jIM) is
equal to P(DS ø ds4jIM), Equation 10 applies for the other DSs. DLRs are usually esti-
mated empirically through post-earthquake reconnaissance or employing expert judgment
and, more rarely, using probabilistic approaches accounting for their inherent uncertainty.
These ratios are both site-specific and building-type-specific and must be carefully selected
while developing vulnerability relationships (e.g. Rossetto and Elnashai, 2003). However,
the same DLRs are herein used for every case since a relative comparison between loss
estimates under the long- and short-duration ground-motion sets is desired, rather than
achieving building-type actual results (i.e. by using appropriate DLRs for each structural
system). In this study, the DLRs suggested by Di Pasquale et al. (2005) are considered
without utilizing its first defined DS. Thus, the DLRs used correspond to (a) 0.10 for
DS1, (b) 0.35 for DS2, (c) 0.75 for DS3, and (d) 1.00 for DS4. Figure 10b depicts vulner-
ability relationship examples, obtained separately using the short- and long-duration
ground-motion sets for an example SDoF system with an IMK model with PO-A-l= 15:

Figure 10. (a) Fragility, and (b) vulnerability relationships utilizing the long- and short-duration ground-
motion sets on an SDoF system with an IMK model with PO-A-l= 15.
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LR(IM) =
X4

i = 1

DLRiP(DS = dsijIM) ð9Þ

P DS = dsijIMð Þ= P DS ø dsijIMð Þ � P(DS ø dsi + 1jIM) ð10Þ

Results and discussion

General trends

Figure 11a and b shows the geometric mean IDA curves for one example SDoF system
with an IMK model with PO-A-l= 15, in terms of both Dmax and Eh. Such results allow a
qualitative discussion that helps interpret the results for the entire case-study database. If
Dmax is used as an EDP, the impact of duration on the IDA curve becomes apparent only
after the system has reached its peak strength and begins to strain-soften, agreeing with
the past literature (e.g. Bravo-Haro and Elghazouli, 2018; Chandramohan et al., 2016).
Indeed, the results obtained using the long-duration ground-motion set show a collapse
capacity about 10.0% smaller than that obtained using the short-duration set (Figure
11a), with the IDA curves starting to diverge after the peak-strength (i.e. ultimate) displa-
cement. By using Eh, the capacity reduction can be noticed immediately after the yielding
point, with a maximum long-to-short capacity reduction equal to 15.8% (Figure 11b).
From a qualitative perspective, this means that it is possible to observe decreases in the
median structural capacity for any DS, leading to at least yielding, using cumulative-based
demand parameters (e.g. Belejo et al., 2017). Clearly, cumulative-based EDPs allow expli-
citly capturing duration-related effects. However, no experimentally calibrated energy-
based DS thresholds are available yet. Since this study adopted energy-based DS thresh-
olds based only on numerical analyses, the results should be interpreted keeping in mind
this assumption. It is worth noting that for systems with a nonzero residual strength in the
backbone, the Eh-based IDA curves never flatten, unlike Dmax-based ones. This is because
Eh depends on the input energy of the ground motion, which always increases while scal-
ing the record. Evidently, Eh must go to infinity as IM approaches collapse intensity, but
unlike the horizontal asymptote of the IDA in terms of Dmax, an oblique asymptote is
expected to occur.

Figure 11. Geometrical mean IDA curves for an SDoF system with an IMK model with PO-A-l= 15:
(a) in terms of Dmax , and (b) in terms of Eh.
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The results in this study confirm the effect of duration on collapse capacity, provided
that the considered structure shows a cyclic and in-cycle deterioration of strength and stiff-
ness. Moreover, the results show that a capacity reduction at DSs lower than collapse can
be observed. This result is trivial if duration effects are accounted for explicitly (i.e. using
Eh and directly accounting for duration-induced cumulative damaging effects) since it
derives from the definition of Eh itself. In general, since Eh sizes the energy dissipated by
the system given the accumulated damage during a ground motion (which is directly
affected by duration), it can better account for this phenomenon. In contrast, Dmax tends
not to be sensitive to duration unless its influence is implicitly modeled through the selected
nonlinear modeling strategy when accounting for cyclic and in-cycle strength and stiffness
deterioration using the IMK model as done in this study and also reported in past litera-
ture (e.g. Iervolino et al., 2006). It is worth noting that short-duration ground motions can
cause structural damage at relatively large intensities since they rely on large initial inelastic
excursions to cause dynamic instability. In contrast, long-duration ground motions can
cause structural damage at lower ground-motion intensities, since the relatively smaller ini-
tial inelastic excursions produced at these lower intensities may be gradually amplified due
to cyclic deterioration of strength and stiffness until causing dynamic instability (i.e. col-
lapse), as also already observed by Chandramohan et al. (2016) (among others). This reaf-
firms that cumulative-based EDPs can be better structural response indicators when
dealing with long-duration ground motions or damage accumulation-related processes.

Hypothesis testing

This section carefully revises the statistical significance of the differences between the med-
ian structural capacity obtained using the long- and short-duration sets. Figure 12a to d
summarizes the computed b1 values for the SDoF systems with an IMK model with PO
hysteretic response (i.e. 60 systems), while Figure 13a to d summarizes the associated
hypothesis testing results. Using Dmax as an EDP, there is no statistically significant reduc-
tion of the median capacity due to long-duration ground motions for DS1 (Figure 13a),
DS2 (Figure 13b), and DS3 (Figure 13c), having b1 coefficient values varying between
[20.03,0.02], [20.02,0.06], and [20.07,0.07], respectively. Although certain slopes seem to
be significant, it is observed that the p-values are in the ranges [0.26,0.67], [0.14,0.98], and
[0.07,0.97], respectively, for those DSs; hence, there is no robust evidence of duration
impact on them. For some systems with small post-capping stiffness ratio and moderate-
to-long periods (i.e. having high-displacement capacity up to collapse), especially those
with highly deteriorating behavior, there is a statistically significant reduction in median
structural capacity due to long-duration ground motions for DS4 (Figure 13d), with b1

values between [20.19,0.01]; the p-value range for the DS4 is [0.00,1.00]. Instead, when Eh

is used as an EDP, the median structural capacity reduction due to long-duration ground
motions is statistically significant for all the systems and DSs except DS1, where no cyclic
or in-cycle strength deterioration is expected. Furthermore, such capacity reduction is
more significant than the one measured using Dmax. For this case, the b1 values vary in the
ranges [20.04,0.05], [20.39,20.12], [20.48,20.14], and [20.62,20.11] with p-values being
in the ranges [0.14,0.61], [0.00,0.00], [0.00,0.00], and [0.00,0.01], respectively, for DS1,
DS2, DS3, and DS4. It is worth mentioning that the hypothesis testing results for the
other analyzed hysteretic models (BI and PI) are analogous to those discussed in this sec-
tion, with p-values in similar ranges; these are not shown for brevity. Overall, the results
show that the difference between using one or another EDP is substantial. Thus, a careful
EDP selection should be considered in practice depending on the analyzed structural

18 Earthquake Spectra 00(0)



Figure 12. b1 values for SDoF systems with an IMK model with a PO hysteretic response. Results for
(a) DS1, (b) DS2, (c) DS3, and (d) DS4.

Figure 13. Hypothesis test results for SDoF systems with an IMK model with a PO hysteretic
response: Results for (a) DS1, (b) DS2, (c) DS3 and (d) DS4.
p-values ø0.05 are indicated with blue-filled markers.
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system, confirming the recommendations presented in Hancock and Bommer (2006), but
including other DSs apart from the collapse one.

Apart from the adopted EDP, a higher reduction in structural capacity due to duration
is especially exhibited by systems with first, a highly deteriorating behavior; second, a
small post-capping stiffness ratio (i.e. with long post-capping displacement); and third, a
long fundamental structural period (i.e. long pre-capping displacement). Hence, ground-
motion duration is generally expected to be more apparent for deteriorating structures
with large displacement capacity (particularly able to sustain large post-capping displace-
ments), since these can dissipate more hysteretic energy (i.e. experience a higher number of
inelastic cycles). The ductility capacity seems to be of lesser importance when assessing the
potential duration effects on structural response; however, it is inferred that an increase in
the ductility capacity will increase the impact of duration since it increases the pre-capping
displacement capacity. Indeed, the importance of the pre-capping displacement capacity is
much more apparent when using Eh as an EDP because the impact of duration can be
observed immediately after a system’s yielding displacement (recalling that when using
Dmax as EDP, the impact of duration can be observed when a system is about to reach its
ultimate displacement). Clearly, structures with lower displacement capacity could also be
affected (especially those with high deterioration, such as systems with l = 15 or l = 25,
although highly deteriorating structural systems may be uncommon at present); the differ-
ence relies on the fact that fewer inelastic excursions can cause extensive damage to those
systems (i.e. duration effects can be less apparent due to the low damage accumulation
potential). Specifically, in the case of expressing structural response in Dmax terms, the
above behavior can just be observed for the DS4 agreeing with past studies (e.g. Bravo-
Haro and Elghazouli, 2018; Chandramohan et al., 2016), and to a much lesser degree com-
pared with the results obtained in Eh terms. No statistically significant impact (nor a clear
trend) can be noticed related to lower DSs, conversely to results obtained in Eh terms also.
Ground-motion duration effects are not appreciable for DS1 in general.

Structural capacity reduction

This section further discusses the median structural capacity reduction trends due to long-
duration ground motions. Based on the results in the former section ‘‘Hypothesis testing,’’
DS4 is selected for the discussion since it allows considering the highest number of case
studies with statistically significant results (i.e. both using Dmax and Eh). Nevertheless, the
following discussion can be extrapolated to lower DSs when the structural response is
expressed in Eh terms. The long-to-short capacity ratio (avgSARatio) is calculated by divid-
ing the median structural capacity obtained using the long- and short-duration ground-
motion sets, respectively. The above-defined capacity ratio for SDoF systems with an
IMK model with PO, BI, and PI hysteretic responses with l = 25 (green filled markers
indicate statistically significant results as defined in section ‘‘Hypothesis testing’’) is shown
in Figure 14a to f. It is worth noting that the impact of duration is more pronounced when
l = 15 is utilized and lesser pronounced when l = 50 is utilized—for instance, but the
entire set of results is not displayed for brevity. Systems with l = 25 present moderate-to-
high deterioration given long-duration ground motions; thus, this case is of interest for the
discussion presented herein, since this study already demonstrated that highly deteriorat-
ing systems are more prone to duration effects, with an increasing impact as l decreases.

For the SDoF systems using the IMK model with PO response, a not-negligible capac-
ity reduction is observed if Dmax is adopted, particularly for systems with small ac. In terms
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of m and T , there are no substantial differences in the structural capacity when those para-
meters change. The observed avgSARatio varies between 87.5% and 96.4% (Figure 14a).
This indicates that post-capping behavior is the most important feature when using Dmax,
as expected. Hence, systems with large post-capping displacement capacities will be more
prone to duration effects. There is no apparent impact of duration for systems with differ-
ent pre-capping displacement capacities, confirming that by using peak-based EDPs, dura-
tion effects are of interest after a system surpasses its peak strength and starts to strain-
soften, but not before. Interestingly, the potential impact of duration among the para-
meters is quite clear if Eh is adopted, with avgSARatio ranging between 57.7% and 85.5%
(Figure 14b). In this sense, if m, T , and especially ac increase, a clear (almost linear)
decreasing trend in the capacity of the systems is noted. Therefore, it is confirmed that sys-
tems with a high-displacement capacity (through the entire range of structural behavior)
that can dissipate high levels of Eh, experience more severe capacity reductions due to
long-duration ground motions.

For the SDoF systems using the IMK model with BI response, a different trend is
noticed by using Dmax compared with the above case (i.e. PO). The impact of duration

Figure 14. Long-to-short median collapse (DS4) capacity ratio for the SDoF systems (l= 25) with an
IMK model with: (a) PO response in Dmax terms, (b) PO response in Eh terms, (c) BI response in Dmax

terms, (d) BI response in Eh terms, (e) PI response in Dmax terms, and (f) PI response in Eh terms. Green
markers represent statistically significant results. Backbone parameters are shown in Table 1.
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translated to capacity reductions is more noticeable for systems with small ac and large T ;
however, there are no significant differences in capacity by changing m. The noted
avgSARatio varies between 79.4% and 97.1% (Figure 14c). The absence of stiffness dete-
rioration allows a system to dissipate a larger amount of hysteretic energy within the pre-
capping behavior range, therefore, having a higher cyclic deterioration in such range.
Since large T values increase the pre-capping displacement capacity of the systems (given
the backbone definition), it is inferred that this parameter is critical for systems with kine-
matic hardening. A large m will exacerbate the above phenomenon (i.e. the cyclic dete-
rioration); nevertheless, this parameter is of much lesser significance than T . Therefore,
the impact of duration can be more critical for systems with this type of hysteretic
response (i.e. lacking stiffness deterioration). By using Eh, a fast-decreasing trend in the
capacity ratio is found for increasing ac, T , and m values; with avgSARatio ranging between
68.6% and 93.5% (Figure 14d). Similar behavior to systems with PO response is dis-
played, although lower capacity reductions are found.

The capacity ratios for SDoF systems using the IMK model with PI response contrast
with the previous two cases (i.e. PO and BI). In the case of Dmax, most capacity ratios are
slightly above one, except perhaps for the SDoF systems with low m and short T . The
trend for this case interestingly seems to have higher capacity ratios as m and T increase,
with avgSARatio varying between 94.2% and 104.1% (Figure 14e). These are not statisti-
cally significant even if capacity ratios are slightly higher than one. Concerning this, it is
worth recalling that the considered cyclic deterioration depends directly on Eh (Rahnama
and Krawinkler, 1993); hence, for the same l level, the system with PI response will exhi-
bit very low cyclic deterioration and, therefore, the impact of duration is less apparent (i.e.
negligible) in the peak structural response than the one observed in systems with a BI or
PO response. By using Eh, the avgSARatio ranges between 66.0% and 84.0% (Figure 14f),
and a more evident trend is observed in contrast with the Dmax case. In general, this is
because Eh can properly capture the cumulative damage, as mentioned before for the other
cases. It is worth noting that differences between the capacity ratios are smaller for this
case. This is due to the discussion above concerning the amount of hysteretic energy dissi-
pated by the structural systems.

The above results show how cumulative-based EDPs can explicitly capture ground-
motion duration effects (i.e. directly from their definition). In contrast, even by using non-
linear modeling strategies that can capture strength and stiffness reduction and damage
accumulation, peak-based EDPs could not properly capture the duration impact on the
nonlinear structural response except for long-enough durations (usually much above
Ds5�95 = 30 s) for DS4 (associated with the collapse DS in this study) and for highly dete-
riorating systems (not following modern seismic design practice). In addition, there exists
an impact of duration in other DSs if Eh is used as EDP (such as DS2 and DS3). This is
particularly evident for structural systems with small post-capping stiffness ratios (in abso-
lute values), long fundamental structural periods, and large ductility capacities (i.e. sys-
tems capable of sustaining high-displacement damaging levels without collapsing).

Fragility and vulnerability relationships

This section investigates ground-motion duration impact on direct losses by presenting a
relative comparison using a single idealized synthetic (dummy) hazard curve. Fragility and
vulnerability relationships are shown for two representative SDoF systems with PO-A-
l= 50 and BI-F-l= 15 parameters shown in Figures 15a to d and 16a to d, respectively.
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The associated DS median and dispersion of the fragility relationships are reported in
Tables 2 and 3. Specifically, the fragility relationships for the system with a PO-A-l= 50
using Dmax as an EDP are shown in Figure 15a. It is confirmed that a slight decrease in the
fragility median value is registered only for DS4. The fragility relationships using Eh as an
EDP are shown for the same system in Figure 15c. The reduction in the fragility median
values for every DS (except DS1) is considerable. Therefore, the fragility relationships cal-
culated using the long- and short-duration ground-motion sets show a relatively higher dis-
crepancy when utilizing Eh. The fragility relationships for the system with a BI-F-l= 15
using Dmax as an EDP are shown in Figure 16a. The same behavior as the case with a PO-
A-l= 50 is observed. The fragility relationships using Eh as an EDP are shown for the
same system in Figure 16c. Higher discrepancies between the fragility relationships are
noticed, because this system has a higher energy dissipation capacity. To provide a more
generic view of the results, the median of the short-to-long fragility median value ratios
(uRatio) for each system with specific hysteretic response is provided in Figure 17a and b.
All the results corroborate the previous observation that the considered systems are more
vulnerable to long-duration ground motions. This is observed even for systems with low
ductility capacity and is more apparent for systems with small post-capping stiffness ratios,
moderate-to-long structural fundamental periods, and moderate-to-high deterioration. It
is also worth recalling that the dispersion of the fragility relationships does not exhibit sig-
nificant variations due to the impact of duration.

To provide a more straightforward comparison between vulnerability relationships cal-
culated using the long- and short-duration ground-motion sets, the EAL for the

Figure 15. (a) Fragility, (b) vulnerability relationships in terms of Dmax ; (c) fragility, and (d) vulnerability
relationships in terms of Eh, using the long- and short ground-motion duration sets on an SDoF system
with an IMK model with a PO-A-l= 50.
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Table 2. Median (u), and dispersion (b) values of fragility relationships for the PO-A-l= 50 system
associated with Figure 15a and c

DS For Dmax For Eh

uLong bLong uShort bShort uLong bLong uShort bShort

DS1 0.24 0.26 0.24 0.24 0.23 0.26 0.24 0.24
DS2 0.37 0.30 0.38 0.29 0.35 0.29 0.40 0.28
DS3 0.47 0.32 0.48 0.32 0.44 0.31 0.51 0.30
DS4 0.54 0.34 0.57 0.35 0.50 0.32 0.57 0.31

DS: damage state.

Table 3. Median (u), and dispersion (b) values of fragility relationships for the BI-F-l= 15 system
associated with Figure 16a and c

DS For Dmax For Eh.

uLong bLong uShort bShort uLong bLong uShort bShort

DS1 0.22 0.28 0.22 0.28 0.21 0.29 0.21 0.32
DS2 0.34 0.33 0.35 0.32 0.33 0.29 0.35 0.29
DS3 0.45 0.37 0.45 0.36 0.43 0.33 0.50 0.33
DS4 0.67 0.39 0.81 0.41 0.63 0.38 0.78 0.41

DS: damage state.

Figure 16. (a) Fragility, (b) vulnerability relationships in terms of Dmax ; (c) fragility, and (d) vulnerability
relationships in terms of Eh, using the long- and short ground-motion duration sets on an SDoF system
with an IMK model with a BI-F-l= 15.
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considered systems is also calculated. The EAL is commonly used to estimate annual
hazard insurance premiums (Mitchell-Wallace et al., 2017) or as a performance metric
(e.g. Calvi et al., 2014; Consiglio dei Ministri, 2017; Gentile and Galasso, 2022) for various
engineering applications (e.g. conceptual loss-based design; seismic retrofit selection/
design). It is worth noting that EAL estimates are usually given in monetary terms (e.g.
dollars); however, these are shown in LR terms within this study (i.e. the estimate is actu-
ally an EAL ratio). To estimate this metric, a dummy hazard curve described in Equation
11 is used (with k0 = 0.0002 and k1 = 2.0), generated as an idealized power-law curve.
Such an equation provides the mean annual frequency of exceedance (lIM ) of a given IM
value (i.e. avgSA level). The exponent k1 represents the steepness of the dummy hazard
curve. The value of k1 = 2.0 is used to represent typical shapes of spectral acceleration
hazard curves observed in seismically active parts of the United States (Yun et al., 2002).
The coefficient k0 scales the overall ground-motion rate of occurrence. In this study,
k0 = 0.0002 is chosen to approximately match the Los Angeles hazard curve (Baker,
2015). The IM levels at a return period of 475 and 2475 years are equal to 0.30 and 0.70 g,
respectively. It is worth stating that the considered dummy hazard curve is not condi-
tioned on Ds5�95; to effectively account for duration, seismic hazard should be computed
in terms of a vector of IMs including both avgSA and Ds5�95 (further considering their cor-
relation). This issue is thoroughly addressed in Part II of this study.

lIM = k0IM�k1 ð11Þ

The EAL is estimated as the area under a given median loss curve (i.e. under the LR
versus lIM median curve). The EAL is calculated as the combination of the dummy hazard
curve and the vulnerability curve per intensity level IM as in Equation 12. The long-to-
short increase in EAL when Dmax is used are equal to 5.9% (Figure 15b) and 4.7% (Figure
16b) for the systems with PO-A-l= 50 and BI-F-l= 15, respectively. Such impact may
be negligible for engineering purposes. However, when Eh is considered, the above EAL
increments are equal to 21.0% (Figure 15d) and 11.0% (Figure 16d) for the same case
studies considered before. This indicates a potentially significant impact of duration on the
loss estimation, with higher Eh versus Dmax discrepancies for systems with higher cyclic
deterioration. This result also holds for a system with low ductility capacity and short
structural fundamental period. Another interesting aspect involves the apparent effect of
duration on the computed EAL values, if Eh is used to measure nonlinear structural

Figure 17. Median of the short-to-long fragility median value ratios (i.e. median uRatio), expressing
structural response in (a) Dmax terms, and (b) Eh terms.
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performance. The fragility relationships in terms of Eh usually show higher median values
with respect to those expressed in terms of Dmax if short-duration ground motions are
employed (vice versa for the long-duration sets). Clearly, this effect propagates to the
EAL, which is reduced for short-duration conditions (and vice versa for long-duration
sets). This behavior is also more extensively confirmed in Part II of this study. Of course,
the results above are specific and cannot be generalized. To further examine the differences
in the EAL, the attained median of the long-to-short EAL ratios (EALRatio) for each system
with a specific hysteretic response is illustrated in Figure 18, providing a deeper confirma-
tion of the above discussion in median terms. It is noticed that the EAL values under long-
duration ground-motion records tend to be larger than the ones obtained under the com-
panion short-duration ones (according to the computed EALRatio), agreeing with the spe-
cific results from the above-discussed case studies. Therefore, it is inferred that duration
effects can also be significant when performing loss assessments (even by not explicitly
considering the seismic hazard in terms of duration). Given the assumptions made, the pre-
vious point needs further verification; this can be addressed in further studies for building-
portfolio applications, for instance (e.g. Otárola et al., 2022).

EAL =

ð‘

0

LR IMð Þ dlIM

dIM

				
				dIM ð12Þ

Conclusions

A comprehensive parametric study on the impact of ground-motion duration on the non-
linear structural performance of case-study SDoF systems using spectrally equivalent
ground motions from shallow-crustal earthquake events is presented. It is shown that
duration can effectively influence both nonlinear structural response and damage/loss,
mainly for structures susceptible to cumulative effects (e.g. cyclic strength deterioration)
and large displacement capacity (at capping and most important, at post-capping behavior
range). This article (first of a two-part study) involves a parametric analysis involving
short- and long-duration ground-motions sets. The companion paper involves a more-

Figure 18. Median of the long-to-short EAL ratios (i.e. Median EALRatio), expressing structural response
in Dmax terms and Eh terms.
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refined study based on realistic MDoF systems and robust site-specific, hazard-consistent
scenarios.

The proposed methodology evaluates the impact of duration selecting spectrally
matched long- and short-duration ground-motion records used to perform IDAs on 180
different SDoF systems comprising various dynamic parameters, hysteretic response rules,
and strength deterioration models. The outcomes from these analyses are later used exten-
sively to perform hypothesis testing on the differences in median structural capacity
attained for the short- and long-duration ground-motion sets. Moreover, fragility and vul-
nerability relationships are derived to quantitatively assess ground-motion duration
impact on different DSs and the various systems’ nonlinear structural performance in
terms of EAL (estimated using a single synthetic hazard curve in a relative comparison).

If the maximum displacement (Dmax) is used to define the DSs, the hypothesis testing
results provide robust evidence that duration can be significant for the collapse DS (DS4)
of highly deteriorating systems. The median structural-collapse capacity under short
ground-motion sets can be up to 21% higher than for long-duration ones. This is in agree-
ment with the previous literature. DS thresholds defined in terms of Eh are derived based
on the structure-specific, pseudo-parabolic relationship between Dmax and Eh, therefore
converting displacement-based DS thresholds into energy-based ones. This enables consid-
ering cumulative effects in the nonlinear structural performance explicitly. Conducting
hypothesis testing on the Eh-based median structural capacity shows that duration may
affect all the DSs beyond yielding (DS1). In this case, the median structural-collapse
capacity under short ground-motion sets can be up to 34.0% higher than for long-duration
ones. Furthermore, significant long-versus-short differences for other DSs are noticed,
which are not reported in the previous literature.

By propagation of such results, duration provides a negligible effect on all fragility
median values except for the collapse DS (i.e. DS4), if Dmax is used. Furthermore, calculat-
ing vulnerability curves and the associated EAL, utilizing a single synthetic hazard curve,
shows a relative increase of EAL maximum equal to 12.3% (long- vs short-duration
ground-motion sets), which corresponds to the study cases with the highest strength dete-
rioration. If the same exercise is conducted using Eh as a measure of structural response,
all the fragility relationships are impacted by duration except for the one associated with
structural yielding (i.e. DS1). For this case, the highest long-to-short EAL relative discre-
pancy is equal to 37.2%. Such potential impact on direct loss estimates due to duration is
also not reported in the previous literature.

Overall, ground-motion duration is found to provide a non-negligible impact on the
nonlinear structural performance of SDoF systems. Robust evidence shows that introdu-
cing an energy-based DS-threshold definition (capable of considering cumulative effects)
fundamentally increases the detrimental effects of duration, and it would most likely affect
performance-based and seismic risk assessment applications involving these kinds of
numerical models.
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