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A prediction model for the seismic collapse capacity, which explicitly considers the influence of strong motion
duration, in addition to key structural properties, is presented in this study. The model is developed based on
incremental dynamic analyses of single-degree-of-freedom systems, employing a set of 67 earthquake records.
The selected ground motions are matched by scaling to a target Eurocode 8 response spectrum, to avoid spectral
shape bias in the results, and have varying 5-75% significant duration from about 5 s up to nearly 70 s. The
structural models exhibit vibration periods in the range of 0.2 s to 3.0 s, varying negative slope in their post-
capping branch from 0.02 to 0.30, and ductility between 1.0 and 6.0. Each oscillator is assigned bilinear and
pinching hysteresis. Correlation coefficients are computed between the collapse capacity and the structural
properties examined, as well as three ground motion parameters, which include the duration, Arias Intensity, and
Husid plot slope. The period, post-capping slope, and ductility are all shown to be strongly correlated to collapse
resistance while, among the ground motion variables, the duration exhibits the highest correlation. Based on
iteratively reweighted least squares, predictive models are fitted to the collapse capacity data, providing esti-
mates for the median collapse capacity and the variance. The predicted collapse capacity associated with the
maximum duration considered is found to be up to 67% lower than that corresponding to the minimum duration.
The rate of collapse capacity reduction with duration is shown to depend on the period, P-A level, hysteresis type,
and the duration value itself. The proposed model is compared to those from previous studies and is shown to
provide a simple and computationally efficient method to obtain collapse capacity estimates for specific target
levels of strong motion duration.

1. Introduction

In the context of performance-based earthquake engineering, which
is prevalent in current seismic design standards and regulations, one of
the most crucial objectives is the avoidance of collapse. Eurocode 8 [1]
defines the near-collapse limit state as the condition at which the
structure is severely damaged but has not collapsed when subjected to
rare seismic action with a return period of 2475 years, which corre-
sponds to a 2% exceedance probability in 50 years. FEMA P-695 [2]
postulates a methodology for evaluating the collapse capacity of struc-
tures based on incremental dynamic analyses (IDA) [3] and sets mini-
mum requirements for the acceptable probability of collapse at the 2%
in 50 years hazard level and the collapse margin ratio. Hence, accurate
estimation of the seismic collapse potential is a key aspect in the design
and assessment of new or existing structural systems. However, due to
the large computational cost involved, research efforts have also aimed
to develop simple, yet reliable, prediction models for the collapse
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capacity.

Most previous collapse capacity models focused on the influence of
key structural properties. Such predictive relationships were developed
based on analyses of either single-degree-of-freedom (SDOF) systems
[4-7], which provided reliable estimates for first-mode-dominated
structures and enabled a wider variation of the parameters of interest,
or multi-degree-of-freedom (MDOF) systems [8,9]. In the case of SDOF
oscillators, parameters such as the vibration period, slope of the negative
stiffness branch of the pushover curve, ductility, strain hardening ratio,
and type of hysteretic behaviour, were included in the predictive
equations. On the other hand, studies adopting MDOF models employed
parameters from static pushover analyses, as well as the fundamental
period, number of stories, and yield base shear coefficient. In both cases,
IDA [3] or similar incremental search techniques [10] were primarily
employed for the collapse capacity estimation.

A common limitation in the above-noted models was the use of short-
duration earthquake recordings and the disregard of duration effects.
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The role of duration in collapse has been investigated by many re-
searchers through comparing the collapse capacities of long and short
ground motion sets. It is noteworthy that an unbiased comparison is only
possible when other ground motion parameters which might affect the
results are kept constant between the two record sets. Therefore, pairs of
spectrally equivalent records were commonly employed to avoid spec-
tral shape bias [11-13]. Other studies did not explicitly account for the
differences between the long and short records response spectra but
addressed the issue implicitly through the use of spectral displacement
as the intensity measure (IM) [14,15]. Apart from the response spec-
trum, additional parameters related to the slope and shape of the Husid
plot [16] or the incremental velocity [17] have been considered in
isolating duration effects [18,19]. Notwithstanding the specific meth-
odologies and assumptions, all these assessments led to the conclusion
that longer ground motions reduce the collapse capacity compared to
their short-duration counterparts.

The inclusion of duration in collapse prediction models, however,
has only been addressed by relatively few investigations. An early study
that offered equations for the collapse spectral ordinates incorporating
duration was conducted by Bernal [20]. A suite of 24 records with
5-95% significant duration [21] ranging from about 2 s up to about 30 s
was used in dynamic analyses of equivalent SDOF systems, which
adequately captured the behaviour of MDOF frames. Various levels of
period and stability coefficient were examined, as well as two types of
hysteresis: elastoplastic and degrading. The proposed expressions for the
elastoplastic systems incorporated not only the structural characteristics
but also ground motion parameters, namely the peak ground velocity
and displacement, and the 5-95% significant duration. However, the
duration was not found to correlate significantly with the collapse ca-
pacity in degrading systems and was not included in the respective re-
lationships, which contradicts recent studies that show a large influence
of duration on the collapse of highly deteriorating structures [11,13]. A
further limitation was the disregard of spectral shape effects in the
development of the predictive equations.

Another collapse prediction model that incorporated the same
duration metric was presented by Raghunandan and Liel [14]. This work
addressed the issue of differences in response spectra among the records
by using spectral displacement, Sq, which implicitly captures spectral
shape effects, and proposed a predictive relationship for Sq at collapse,
including the 5-95% significant duration as a predictor for both highly
degrading and moderately degrading structures. Apart from duration,
the fundamental period and a ductility flag were also employed in the
prediction equation. The regression model was fitted to the results of
IDAs on 17 reinforced concrete buildings subjected to 76 ground motion
records with up to 271 s duration. The robustness of the model was
demonstrated by cross-validation. However, the applicability of the
model is limited by the lack of seismic hazard prediction equations in
terms of Sy, as noted in the study.

More recently, Bravo-Haro et al. [22] and Liapopoulou et al. [19]
developed predictive relationships for the collapse capacity of
non-ductile and ductile SDOFs, respectively, incorporating instability
and duration effects. The structural properties used as predictors in the
proposed models were the period and level of P-A, determined by the
stiffness of the negative branch in the pushover curve. In the case of
ductile SDOFs, the ductility and strain hardening ratio were also
included in the predictors. Both studies accounted for duration using
spectrally equivalent records [13], which eliminated any spectral shape
effects. Pairs of long and short records with equivalent response spectra
were assembled, assuming that ground motions with 5-75% significant
duration lower than 25 s for both horizontal components can be clas-
sified as short. Based on IDAs of the investigated structural configura-
tions, distinct regression models were developed for each duration
group. Although the suggested expressions provide a useful method to
account for duration in collapse capacity estimation, the distinction
between long and short ground motions was relatively vague, as an
arbitrary limit was employed to indicate the transition from short to long
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records. Also, the definition of duration groups did not allow the
consideration of specific duration values in collapse prediction.

The above discussion indicates that although the effect of duration
on collapse is commonly acknowledged, it is still not adequately incor-
porated into collapse capacity predictions. Therefore, this study presents
a novel collapse capacity model that explicitly account for the duration
as a continuous variable, while also incorporating key structural prop-
erties. For this purpose, a suite of 67 ground motion records is assembled
with uniformly distributed duration values in the range of about 5 s to
70 s. The selected recordings are scaled to match a target Eurocode 8
response spectrum, to ensure that the variation of collapse capacity is
not caused by spectral shape differences among the records. IDAs are
subsequently carried out on SDOF systems with bilinear or pinching
hysteresis and varying period, P-A level, and ductility. Correlation an-
alyses between the collapse capacity and a series of structural and
ground motion parameters are carried out, to identify the most appro-
priate predictors of collapse. Regression models for the mean and vari-
ance of collapse capacity are then fitted to the IDA results. The proposed
models are compared to those of previous studies in order to assess their
efficiency and reliability.

2. Structural systems and record selection
2.1. Structural models

To simplify the structural behaviour and minimise the number of
parameters under consideration, SDOF systems are employed in this
work. While simple, these models have been widely used in the litera-
ture, as they can still provide significant insight into the behaviour of
MDOF structures. The reduced computational time required for seismic
analysis using SDOF models enables extensive parametric studies with
large variations of basic properties to be carried out efficiently. For
example, Adam and Jager (2012) [5] used SDOF models and derived
collapse capacity spectra, based on short-duration records. Although
such predictive relationships cannot be directly applied to real struc-
tures, they can be transformed into the MDOF domain through suitable
equivalent SDOF models [23]. Hence, deriving equations for the
collapse capacity of SDOF systems offers a very useful tool that provides
fundamental insights into the influence of key parameters and gives a
basis for predictions and underlying trends in real frames.

In this study, the SDOFs are modelled in OpenSees [24] using a rigid
elastic beam-column element, with a mass m and a gravity load P
assigned at the top node and a zero-length spring of initial elastic stiff-
ness k located at the bottom node (Fig. 1a). Initial stiffness-proportional
damping of &€ = 5% is assigned to the spring, and two types of hysteresis
are considered: bilinear and pinching. The backbone curve consists of an
initial elastic branch up to the yield point, followed by a plastic segment
and then a hardening part with strain hardening ratio o = 3%. With the
application of the gravity load P, the backbone curve is rotated by the
stability coefficient 6 due to the P-A effect, as shown in Fig. 1b. Various
values are considered for the period T, the slope of the post-capping
branch 6-a, and the ductility p., according to Table 1, resulting in a
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Fig. 1. (a) SDOF model and (b) moment-rotation curve.
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Table 1
Parameters defining the structural models and corresponding values considered.

Parameter Values considered

Period, T (s)
Negative stiffness, 0-a
Ductility, pc

0.2, 0.5, 0.7, 1.0, 2.0, 3.0
0.02, 0.04, 0.06, 0.10, 0.20, 0.30
1.0, 2.0, 4.0, 6.0

total of 144 combinations. The mass m and load P of each SDOF are
computed based on its period and post-capping slope, respectively.

It should be noted that the model defined herein is not linked to a
specific structure in the context of this study but can represent any
structural system within the range of parameters considered and with a
hysteretic response that can be adequately described by the bilinear or
pinching hysteresis assigned to the model. The period, P-A level, and
ductility, are varied within typical limits of structures. A significant
limitation, however, is the inability to capture the contribution of higher
modes. This implies that high-rise buildings, such as a 20-story steel
frame, cannot be effectively represented through this simple model.
Therefore, the model is not suitable to describe the response of struc-
tures that are significantly affected by higher-mode effects. Regarding
the material type, the bilinear hysteresis is characteristic of many steel
structures, while the pinching model may represent various concrete
buildings. However, the response of other structural systems may not be
captured directly through the SDOF model of this study.

2.2. Ground motion records

An initial catalog of records is extracted from the NGA-West-2 [25],
the K-Net [26] and kik-net databases [27], considering exclusively
non-pulse-like records from strong earthquakes (M>6.0) and with
relatively large PGA values (PGA>0.1 g) to avoid excessive scaling at
collapse level. The Shahi and Baker [28] algorithm is employed for the
pulse classification, which uses wavelet transform in the two orthogonal
components to identify pulses and characterises them based on a support
vector classification boundary. Pulse-like records are excluded from this
research due to their special features that require additional parameters
to be considered. Based on these criteria, a total of 12,196 recordings are
assembled, which cover a wide range of duration. It should be noted that
records from the K-Net and kik-net databases were initially retrieved as
raw data and were then processed as described in Appendix A.

Since the aim is to develop a model for the collapse capacity that
includes duration effects, the response spectra of the selected records
must be kept constant, to ensure that the differences in response are
primarily due to duration and not due to spectral shape bias. The
Eurocode 8 Type 1 elastic response spectrum for Ground Type B,
Importance Class II and a reference peak ground acceleration of 0.36 g,
is chosen as the target spectrum. The use of Type 1 spectrum is justified
by the large magnitude earthquakes considered in this study. The
Ground Type B corresponds to shear-wave velocity Vg 39 between 360
and 800 m/s, which is consistent with most of the ground motion re-
cords herein, and the Importance Class II refers to ordinary buildings.
The reference peak ground acceleration is selected based on the highest
seismic zone in Greece, according to the National Annex to Eurocode 8
[29].

Spectral matching is performed by scaling each record, such that the
sum of squared errors SSE between the logarithmic spectral ordinates of
the scaled record and the target spectrum is minimised. The SSE is
computed based on 200 periods logarithmically equally spaced from
0.04 s to 6.0 s, according to Eq. 1, and the required scale factor SF is
estimated as the ratio of the geometric mean of the target spectral or-
dinates to the geometric mean of the spectral ordinates of the record,
based on Eq. 2. Records that required a scale factor larger than 6 are
discarded to prevent large initial scaling. The limit of 6 for the scale
factor is marginally higher than typical limits used in previous studies
[11,13] but is still within the range that allows legitimate scaling. It was
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selected such that an adequate number of records with a close match to
the target spectrum is available. It is noteworthy that the periods
considered herein correspond to a range of 0.2 Ty to 2 Tpyay, based on
the minimum and maximum period of the SDOFs, which is consistent
with the recommendations of Eurocode 8 [29].

200
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The 5-75% significant duration [30], denoted herein as Ds, is
employed to measure the strong motion duration. This metric has been
extensively used in investigations of duration effects on collapse and was
identified as the most suitable for this purpose in previous studies [13,
31]. To ensure that a wide range of duration values is covered, 67 re-
cords with the best possible spectral match and relatively uniformly
distributed duration up to nearly 70 s are selected. Attention is paid to
avoid the inclusion of both horizontal components of the same
recording. The number of records from the same earthquake cannot be
further diminished as, at the longer duration range (Ds>40 s), many of
the compatible ground motions to the Eurocode 8 spectrum are from the
2011 Tohoku earthquake. The 5% acceleration response spectra of the
individual records, along with the target spectrum, are plotted in Fig. 2.
Characteristics of the selected ground motions, including the number of
records from each earthquake, the magnitude, and range of duration, are
given in Table 2.

3. Numerical assessments

The collapse capacities of the examined SDOF systems subjected to
the selected ground motion records are estimated based on IDA [3]. The
IM employed in the analyses is the spectral acceleration at the funda-
mental period S,(T) divided by the gravitational acceleration g and the
base shear coefficient y. The ductility p, defined as the ratio of the
displacement at the tip of the SDOF divided by the yield displacement, is
adopted as the engineering demand parameter (EDP). The collapse limit
state is defined either based on the last point of numerical convergence
or the last point where the ductility is lower than the maximum ductility
from static pushover analysis. The latter is chosen as the threshold for
collapse due to the connection between the static pushover and incre-
mental dynamic analysis [32]. The collapse capacity CC is defined as the
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Fig. 2. Acceleration response spectra of the selected records and target
response spectrum.
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Table 2
Characteristics of selected ground motions.

Engineering Structures 304 (2024) 117671

adopted to represent the strong motion duration. The influence of Husid
plot [16] is represented by the total Arias Intensity A [33], which
quantifies the energy input of the record, and the slope, m, of the Husid

Earthquake M Number of records Ds range (s)

. plot, defined as the ratio of the 5-75% Arias Intensity to the 5-75%
1999 Chi-Chi, Taiwan 7.62 7 16.24-35.50 onifi durati hi ic indi h £ seismi
1999 Chi-Chi, Taiwan-03 6.20 1 10.35 significant duration. This metric indicates the rate of seismic energy
1999 Chi-Chi, Taiwan-04 6.20 1 6.75 arrival and was recently used as an additional parameter to isolate the
1999 Chi-Chi, Taiwan-05 6.20 1 7.71 effects of duration between long and short spectrally equivalent records
1994 Northridge-01 6.69 5 6.78-12.67 [18].
1999 Hector Mine 7.13 1 13.14 . . . .
1990 Manjil, Iran 737 1 1641 Flg: 3 sh.ows scatter Plots and trend hne.s of the logarlthn?lc collapse
1952 Kern County 7.36 1 10.19 capacity, with the logarithm of each examined ground motion param-
1992 Landers 7.28 5 20.90-30.48 eter for a specific SDOF system (T =2.0s, 6-a =0.04, p.=1.0 and
2012 Kamaishi 7.30 5 35.64-39.69 bilinear hysteresis). The Pearson correlation coefficients r and the p-
2005 Northwest of Chiba 6.00 1 21.09 values associated with these correlation coefficients are reported in each
2003 Hokkaido 8.30 4 14.01-24.71 i LAd . d is di b he 1. ith
2004 Hokkaido 7.00 1 7.96 gure panel. A decreasing ten ency is discerned etween the logarithm
2005 Hokkaido 6.30 1 5.84 of collapse capacity and the logarithm of duration, as well as the loga-
2011 Miyagi 7.10 2 20.49-21.61 rithm of total Arias Intensity. It is evident that longer records or those
2011 Tohoku 9.00 30 40.45-69.24

spectral acceleration at the state of collapse S,.(T), divided by the
gravitational acceleration g and the base shear coefficient y, according
to Eq. (3) [5] as follows:

Sue(T)
8r

CcC = 3

3.1. Influence of ground motion parameters

In this section, the main ground motion parameters are investigated
to identify those that are highly correlated with the collapse capacity
and are therefore the most appropriate to include in the prediction
model. As noted above in Section 2.2, the 5-75% significant duration is

with greater energy input tend to reduce the structural collapse resis-
tance. The Husid plot slope, on the other hand, appears to be beneficial
to collapse, as shorter records are usually associated with larger slopes.
Among the three ground motion parameters, the highest levels of cor-
relation are observed with respect to duration (|r|=0.51), while the
metrics related to the Husid plot exhibit relatively low correlation with
structural collapse. The p-values corresponding to correlations with the
duration and the total Arias Intensity are lower than the significance
level of 0.05, thereby indicating statistical significance. On the other
hand, the Husid plot slope does not exhibit statistically significant cor-
relation with the capacity.

To examine the influence of the hysteresis type and the system
stiffness, two variants of the previously considered system are assessed,
namely a pinching SDOF with T = 2.0 s, 6-a = 0.04, and p.= 1.0, and a
bilinear SDOF with T = 0.5 s, 6-a = 0.04, and p.= 1.0. The correlation
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Fig. 3. Correlation between logarithmic collapse capacity and logarithmic ground motion parameters for a system with T = 2.0 s, - = 0.04, p.= 1.0, and bilinear
hysteresis. The ground motion parameters are: (a) 5-75% significant duration, (b) total Arias Intensity, and (c) slope of Husid plot.
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coefficients and associated p-values of these SDOFs are given in Table 3
and may be directly compared to the values corresponding to the initial
SDOF from Fig. 3. The pinching system is shown to exhibit a lower de-
gree of correlation with duration, while the total Arias Intensity and the
slope of the Husid plot are not statistically significantly correlated with
the collapse in this case. The more rigid system, on the other hand,
shows a stronger correlation with the duration and a weaker correlation
with the total Arias Intensity. As observed for the initial SDOF, the
correlation between the Husid plot slope and the collapse capacity is not
statistically significant.

Boxplots of the absolute correlation coefficients between the loga-
rithmic collapse capacity and the logarithm of duration and total Arias
Intensity are given in Fig. 4. Only statistically significant results are
considered (p-value<0.05). Absolute values of the correlation coeffi-
cient are used, as the strength rather than the direction of the association
is relevant herein. Similar to the observations made for the specific
SDOF in Fig. 3, the 5-75% significant duration exhibits the greatest
correlation with collapse, with a median correlation coefficient of 0.53
and 0.35 for bilinear and pinching hysteresis, respectively. On the other
hand, the total Arias Intensity is correlated to a lesser extent with
collapse, displaying median correlation coefficients of about 0.35 to
0.27. The dispersion of these correlation coefficients among the various
SDOFs is also much lower, compared to the significant duration. In fact,
the number of systems that yielded statistically significant results for
IA;ot is relatively small. It is noteworthy that the minimum degree of
correlation is nearly the same for both examined parameters and types of
hysteresis. These minimum values correspond to short periods and/or
large P-A levels, which result in low collapse resistance, irrespectively of
the specific ground motion characteristics. Based on these observations,
it can be concluded that the 5-75% significant duration is the most
influential ground motion parameter in terms of its association with
structural collapse and can therefore be deemed a predictor of collapse
capacity.

3.2. Influence of structural properties

The effect of the structural properties considered in this paper
(period, level of P-A, and ductility) on the collapse capacity is evaluated
herein. Accordingly, the Pearson correlation coefficients between the
logarithmic collapse capacity and each structural parameter are
computed. Due to the lower number of data points compared to the
scatterplots with ground motion parameters, large absolute values of
correlation coefficients are expected. This, however, does not imply that
the structural properties are associated to a larger degree with collapse.
In fact, to demonstrate their significance, the least-squares linear trend
slopes are also noted below.

Representative scatterplots are shown in Fig. 5 for the case of a 2011
Tohoku earthquake recording and considering the following structural
properties: T=2.0s, 6-a = 0.06, p.= 1.0, and bilinear hysteresis. As
expected, all three parameters are strongly correlated with seismic
collapse; however, such large |r| values should be interpreted with
caution due to the small sample size in each figure panel. The slopes of
best-fit lines can provide useful insight into the importance of each
variable to structural collapse. Relatively large changes in InCC are
noted with changes in period and P-A level, while InCC exhibits a

Table 3

Correlation coefficients and p-values between logarithmic collapse capacity and
logarithmic ground motion parameters for a pinching system (with T =2.0s,
0-a = 0.04, p.=1.0) and a rigid system (with T = 0.5 s, 6-a = 0.04, p.=1.0, and
bilinear hysteresis).

Pinching system Rigid system

InDs InlAo¢ Inm InDs InlAo¢ Inm

r -0.32 -0.12 0.10 -0.58 -0.25 0.14
p-value 0.01 0.34 0.41 0.00 0.04 0.25
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slightly decreasing trend with the ductility, as indicated by the relevant
slope values. The reason that the ductility has a negative impact on the
collapse resistance in this study is due to the negative slope in the
backbone curve intermediate branch, as also noted in [19].

To provide insight into the duration effect, the correlation co-
efficients and associated p-values for the same SDOF system (T = 2.0 s,
0-a = 0.06, p.=1.0, and bilinear hysteresis) subjected to a short-
duration record from the 2004 Hokkaido earthquake (Ds=7.96 s) are
given in Table 4. By comparing these values with those corresponding to
the 2011 Tohoku long duration record from Fig. 5, it is observed that the
degree of correlation between the collapse capacity and structural
properties is nearly unaffected by the strong motion duration. As noted
before, these large |r| values are associated with the small sample size,
and hence, the duration of the considered earthquake record is not a
significant factor.

Boxplots of the absolute correlation coefficients and slope values,
considering all cases with p-values lower than 0.05, are shown in Fig. 6,
for bilinear hysteresis. In Fig. 6b, the slope values corresponding to T
and p. are measured on the left-hand axis, while those corresponding to
0-a are measured on the right-hand axis. As noted before, all examined
structural parameters are strongly correlated with the collapse capacity;
the correlation coefficients with period and P-A vary between about 0.8
and 1.0, exhibiting a median value close to 0.9. With respect to ductility,
the range of correlation narrows down to 0.95-1.0, which indicates that
the collapse capacity varies virtually linearly with it. The median ab-
solute slopes of the linear regression lines with period is about 0.3, and
about an order of magnitude higher when the P-A level is considered as
the independent parameter. These values imply relatively large changes
in InCC with period and P-A. On the contrary, the median |s| is nearly
0.1 for the ductility, thereby suggesting limited influence on the collapse
resistance. Similar observations can be made for pinching hysteresis.
Accordingly, the period and P-A level can be considered as the most
important parameters, while inclusion of the ductility in the collapse
capacity prediction model may be less critical.

4. Prediction models
4.1. Regression analyses

Given the relatively large number of predictors and the nonlinearity
of the response, the definition of a suitable functional form for the
regression model is not straightforward. To facilitate this process, a
simple linear regression (Eq. (4)) is initially performed between the
logarithmic collapse capacity and the logarithmic duration for each
SDOF, taking advantage of their relatively strong correlation.

InCC = m+n eInDs (C))

The estimated coefficients m and n are then regressed on the struc-
tural properties T, 6-a, and ¢, considering the data of all 144 SDOFs for
each hysteresis type. After testing many combinations of the predictor
variables, Egs. (5) and (6) are selected as those with the closest fit to the
data.

m = myInT +my (0 — a)™"™ ™™ + msp, (5)

n=mnT +n(0 —a)” 6)

The coefficients m and n estimated from the linear regression be-
tween InCC and InDs (Eq. (4)), along with their predicted counterparts
from Egs. (5) and (6), are plotted for all combinations of T and 6-a, and a
fixed level of ductility (u.=1.0) in Fig. 7, for bilinear systems. The cor-
responding plot for pinching systems is given in the Appendix. Eq. (5)
yields m values very close to the target points, which virtually coincide
with the surface, while Eq. (6) also has a high level of accuracy, except
for some combinations of period and P-A, where larger deviations are
notable. The ductility is not included in Eq. (6), as this did not result in
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Fig. 4. Boxplots of absolute correlation coefficient between logarithmic collapse capacity and logarithmic ground motion parameters for: (a) bilinear hysteresis, and

(b) pinching hysteresis.
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Fig. 5. Correlation between logarithmic collapse capacity and structural parameters for a system with T = 2.0 s, 8-a = 0.06, p.= 1.0, and bilinear hysteresis, sub-
jected to the 2011 Tohoku earthquake. The structural parameters are: (a) period, (b) level of P-A, and (c) ductility.

Table 4

Correlation coefficients and p-values between logarithmic collapse capacity and
structural parameters for a system with T =2.0s, 6-a = 0.06, p.= 1.0, and
bilinear hysteresis, subjected to the 2004 Hokkaido earthquake.

T 0-o0 He
r 0.90 -0.83 0.99
p-value 0.01 0.04 0.01

considerable improvement of the predictions. This denotes that the

effect of duration on SDOFs is primarily dependent on the period and P-
A level, which is consistent with findings in previous studies [19].

Combining Egs. (5) and (6) with Eq. (4), Eq. (7) is derived and
employed in the predictive model. The variance is modelled as a
quadratic function of the logarithmic duration (Eq. (8)), which is chosen
after comparing different functional forms. It is noteworthy that only
duration is considered in the variance model, as including the rest of the
independent variables did not result in significant improvement of
accuracy.
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The coefficients k; to kg and p; to p3 are estimated based on itera-
tively reweighted least squares (IRLS) regression. Firstly, an ordinary
least squares (OLS) regression is carried out and initial values of the
regression coefficients k; to kg are estimated. Next, the squared residuals
are computed and fitted to the variance model, thus providing an initial
estimate of the coefficients p; to ps. Based on the variance model, the
weights are derived as the reciprocal of the variance (w = 1/02..).
Weighted least squares (WLS) regression is then carried out to refit the
data to the mean model. The procedure is repeated until the weights
computed from two consecutive iterations are practically identical. The
coefficients obtained through this process are given in Table 5 for
bilinear and pinching hysteresis.

The predictive ability of the proposed regression models was tested
through cross-validation. More specifically, the dataset was randomly
partitioned into a testing set containing 20% of the data and a training
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Fig. 7. Predicted (surface plot) and target (spheres) coefficients m and n for bilinear systems with p.= 1.0.

set that comprises the rest of the data. This random split of the data was
repeated 1000 times. For each split, the regression models were refitted
to the training set and validated using the testing set. The mean square
prediction error of the ith repetition MSPE; was calculated as the sum of
squared differences between the testing data InCCies; and the predicted
data InCCpyeq,i, based on the refitted regression model, divided by the
testing sample size n, as shown in Eq. (9). The mean square prediction
error of the model was then evaluated as the mean error over all repe-
titions, according to Eq. (10).

n

1 2
MSPE; =~ Z (INCCeyrij — INCCreqis) 9

J=1

1000

MSPE = o0 ; MSPE; (10)

The resulting mean regression lines from each repetition, as well as
the mean regression lines from the full dataset, are plotted in Fig. 8 for a
bilinear and a pinching system with T = 3.0 s, 6-a = 0.02, and p.= 1.0.

Table 5
Regression coefficients for bilinear and pinching hysteresis.
kq ko ks ks ks ke ky kg P1 p2 P3
Bilinear 0.339 0.686 -0.015 -0.381 -0.063 -0.061 -0.072 -0.426 0.230 -0.088 0.011
Pinching 0.299 0.635 -0.023 -0.363 -0.022 -0.038 -0.035 -0.461 -0.169 0.155 -0.024




M. Liapopoulou et al.

20 T . .
— = Bilinear, full data
) — Bilinear, 80% of data
15+ \ = = Pinching, full data
Pinching, 80% of data
Q
o 10 —
5 .
0 I I I
0 20 40 60 80

Ds(s)

Fig. 8. Predicted collapse capacity against duration for T = 3.0 s, 6-a = 0.02,
pe= 1.0 and both types of hysteresis. Models fitted to the full dataset (dashed
lines) and to training sets that include a random 80% of the data (solid lines)
are presented.

The models fitted to the smaller training sets deviate around the full
model lines, creating a shaded area. For both types of hysteretic
behaviour, the spread around the mean lines is relatively limited and the
models based on the training sets are still close to the mean lines.
Although not shown here for brevity, this holds true for all combinations
of structural parameters. Hence, the bilinear and pinching models do not
depend strongly upon the specific dataset used to fit them.

The mean squared prediction error, along with the mean square error
of the full models, are given in Table 6. It is observed that the prediction
error is only slightly larger than the corresponding standard error of the
regression for both hysteresis types, which indicates the strong predic-
tive ability of the models on new statistical samples.

The proposed regression models also satisfy the assumption of ho-
moscedasticity, which can be confirmed by a visual inspection of the
standardised residuals. Relevant plots of the residuals against the fitted
values are included in Appendix B.

Finally, it should be noted that the collapse capacity model presented
herein is not directly applicable in a quantitative sense to any type of
structure, due to the limitations of the SDOF model based on which it
was derived, as explained in Section 2.1. However, it provides a
fundamental assessment and understanding of the role of duration in
simple systems and can, with appropriate validation, be extended to
specific MDOF structures.

4.2. Collapse capacity models

The regression models developed in the previous section are applied
herein followed by a discussion on the role of duration. Adopting the
assumption that the collapse capacity is lognormally distributed, which
has been commonly used in previous studies [34], the median (50%),
16%, and 84% predicted collapse capacities can be obtained from the
regression model. These are plotted in Fig. 9 against duration for bilinear
and pinching systems with fixed period, P-A level, and ductility
(T =3.0s, 6-a = 0.02, p.=1.0). The capacity values derived from IDAs
are also shown with circles in the same figure. For both types of hys-
teretic behaviour, increased duration leads to reduced collapse resis-
tance. The rate of reduction is larger at short duration levels and reduces

Table 6
Mean square error and mean square predicted errror for bilinear and pinching
models.

MSE MSPE
Bilinear 0.0624 0.0625
Pinching 0.0730 0.0732
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as the duration increases. For example, the median collapse capacity
predicted for the bilinear system reduces by about 46% when subjected
to a significant duration of 40 s compared to a 10 s duration, while an
increase in duration from 40s to 70 s results in only 21% further
reduction in capacity. This implies that the duration effect saturates at
relatively long events, as the system limits are reached.

In Figs. 10 and 11, the median predicted collapse capacity of bilinear
and pinching systems is plotted against duration for varying levels of
period and P-A, respectively, while keeping all other parameters con-
stant. A common trend in all cases, is the reduced collapse resistance of
systems subjected to longer duration earthquakes. The amount and rate
of this decrease, however, depends on the specific properties of the
SDOF. Higher reduction rates and larger capacity losses are obtained at
longer periods and lower P-A levels. In contrast, at very low period or
high 6-a values, an increase in duration above about 40 s does not result
in any notable reduction in collapse resistance. The reason for the
limited influence of duration on these systems can be explained by
considering that short periods and large 6-a values correspond to rigid
structures and those with very steep slope on the decreasing branch of
the pushover curve, respectively. In both cases, these systems tend to
collapse relatively early; thus, longer duration earthquakes cause hardly
any difference in the response. It is also noted that bilinear systems
exhibit larger collapse reduction rates than their pinching counterparts.
This can be attributed to the longer ‘inner’ loops in the force-
displacement response of the latter, which renders them less prone to
duration effects, as explained in [19].

To better understand the effects of duration, the maximum per-
centage reduction in median collapse capacity is quantified based on the
minimum and maximum duration of the records employed herein,
namely 5.84 s and 69.24 s. The results are plotted for varying period and
P-A level in Fig. 12, considering both types of hysteretic behaviour. As
expected, longer periods and lower P-A effects both lead to larger
collapse capacity reductions. The capacity of bilinear systems is affected
to a greater extent by strong motion duration, compared to their
pinching counterparts. Up to about 67% of reduction is estimated for
bilinear and around 47% for pinching hysteresis, which correspond to a
3.0 s period and a P-A level of 0.02. Hence, an underestimation of the
expected strong motion duration could result in significant over-
estimations of the collapse resistance. This emphasises the need to
incorporate duration in collapse assessment procedures, particularly in
regions where long records contribute to the seismic hazard, as other-
wise unconservative estimates would be obtained.

4.3. Collapse fragility curves

Collapse fragility curves are cumulative distribution functions of the
collapse capacity and represent an essential part of seismic hazard
estimation. Assuming that collapse capacity is lognormally distributed,
the fragility curve can be estimated based on Eq. (11), as follows:

Fe(x) = @ (—l"x — ”“’CC) an
Oincc

where Inx is the specific value of InCC at which the fragility curve Fx
is evaluated, and ® is the cumulative distribution function of the stan-
dard normal distribution.

Fig. 13 illustrates collapse fragility curves of a bilinear and pinching
system for varying duration from 10 s to 70 s with 20 s increments. A
period of 3.0 s, P-A level of 0.04, and ductility of 6.0 are considered. As
the duration increases, lower median collapse capacities and lower
dispersions are observed, indicating increased vulnerability to longer
ground motions. For the same ground motion duration, the pinching
model exhibits larger median collapse capacity and dispersion than its
bilinear counterpart. The superior performance of pinching systems,
which is associated with their longer ‘inner loops’ in the force-
displacement response, is consistent with results of previous studies
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Fig. 9. 50%, 16%, and 84% predicted collapse capacity against duration for systems with T = 3.0 s, 6-a = 0.02, p.= 1.0 for: (a) bilinear hysteresis, and (b) pinching

hysteresis. The collapse capacity results from IDAs are also shown with circles.
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Fig. 10. Median predicted collapse capacity against duration for systems with varying period, 6-a = 0.02, p.= 1.0 for: (a) bilinear hysteresis, and (b) pinch-

ing hysteresis.
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Fig. 11. Median predicted collapse capacity against duration for systems with T = 1.0 s, varying 6-a, p.= 1.0 for: (a) bilinear hysteresis, and (b) pinching hysteresis.

[19,22].

5. Comparative assessments

In order to highlight the merits of the regression model, developed
and described in the previous section, it is compared herein to available
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Fig. 13. Collapse fragility curves for systems with T = 3.0 s, 6-a = 0.04, p.= 6.0 for: (a) bilinear hysteresis, and (b) pinching hysteresis.

predictive relationships in the literature. It should be noted that most
available collapse capacity models are derived using only short-duration
records, thus completely disregarding the duration effect. Therefore,
such duration-independent models are not considered in the compari-
sons presented herein.

5.1. Duration-based models

Three of the most relevant collapse capacity models that incorporate
the strong motion duration are summarised in Table 7. All these include
the fundamental period T;, while the rest of the predictors and the
response variables, as well as the methodology employed, vary.

The models proposed by Bernal [20] and Raghunandan and Liel [14]
are based on substantially different assumptions to the method
employed herein. The former does not account for the response spectra
differences of the records used in its development, thus introducing bias
in the results, while the latter considers the spectral shape effect

Table 7
Duration-based collapse capacity models.

Model Response variable Independent variables
Bernal[20] Sa Dss.9s, T1, 6, PGV, PGD
Raghunandan and Liel[14] Staiy Dss.g5, T1, Bp
Chandramohan et al.[35] Sa Dss.os5, T1, SaRatio

implicity, by adopting the inelastic spectral displacement Sygi; as the
intensity measure. Therefore, these two predictive relationships are not
comparable to those proposed herein. In [35], the effects of spectral
shape were included by using the parameter SaRatio as a predictor of the
spectral acceleration at collapse. Based on IDAs of 51 reinforced con-
crete ductile moment frames, subjected to a set of 88 records, Eqs. (12)-
(14) were derived.

InS,. = ¢o + Cqur ® InDs + ¢, ® InSaRatio 12)
¢ = 0.99 — 0.13InT; 13)
Caur = —0.21 +0.058InT; (14)

In contrast, the parameter SaRatio is not considered in the regression
analyses carried out in the present work, as the spectral shape is
controlled by selecting spectrally matched records to the target Euro-
code 8 spectrum. Thus, to enable comparisons between the two studies,
aregression model based on Eq. 12 can be refitted to the IDA results. The

Table 8
Regression coefficients for bilinear and pinching hysteresis.
m n k
Bilinear 1.4141 -0.2295 0.7285
Pinching 1.1532 -0.1195 1.0903
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relevant functional form is given by Eq. 15 and the regression co-
efficients are provided in Table 8.

InCC = ko + kg, ® InDs + k,, ® InSaRatio (15)

By inspecting the residuals of this regression model, the structural
properties that should be included in the predictors can be identified.
Plots of the standardised residuals against the period, P-A level, and
ductility are given in Fig. 14 for bilinear hysteresis, while similar results
can be obtained for pinching systems. Linear lines of best fit and LOESS
fit lines (locally weighted smoothing) are also shown, indicating that the
residuals depend on the period and P-A level to a great extent, while a
smaller dependence on the ductility can also be discerned. Hence, it is
crucial to include the period, the P-A effect, and possibly the ductility
among the predictors, as undertaken herein. Estimating the regression
coefficients as a fuction of the period only is expected to result in less
accurate predictions.

5.2. Models based on short and long record sets

Due to the limited number of continuous duration-based collapse
capacity models, the predictive relationships proposed in this paper are
also compared to discrete duration models, which predict the median
collapse capacity for groups of short or long duration records. The un-
derlying differences between such models and those developed herein
lie in the method of incorporating the duration. In the former case, sets
of spectrally equivalent long and short records are assembled and
collapse capacity models for each duration group are developed. In
contrast, in this investigation, duration is included in the regression
models, thus allowing prediction of the capacity based on specific target
duration levels rather than using a broad characterisation of long and
short ground motions.
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Although many studies have examined the duration effect by using
spectrally equivalent records, only references [22] and [19] appear to
have provided relevant predictive equations. The latter is employed
herein, as it refers to ductile systems. The two models are compared in
Fig. 15, considering bilinear and pinching systems with a period of 1.0 s,
P-A level of 0.04, and ductility of 2.0. The IDA-based capacities at which
the continuous model was fitted are also shown with circles. The median
predicted capacities are in relatively good agreement at the long dura-
tion range (Ds>25 s), where the model developed in this study becomes
flatter. On the other hand, larger deviations are observed between the
two studies at short duration levels (Ds<25s), as the variation of
collapse capacity with duration is not captured in the discrete model.
The largest differences between the two methods occur at duration
levels just below 25 s, due to the abrupt change in the discrete model,
which overestimates the capacity by 39% for the bilinear and 24% for
the pinching SDOF examined herein.

Median long- and short-duration collapse capacity spectra based on
the two studies are compared in Fig. 16, assuming bilinear hysteresis
and a fixed ductility level of 1.0. The median duration of the long and
short record sets used in the discrete models are plugged into the present
model, to obtain comparable results. It becomes clear that the collapse
spectra are in close agreement, particularly for the long duration group.
In the case of short records, the model developed herein tends to provide
higher estimates of collapse capacity; however, a relatively good
agreement is still maintained. Similar observations can be made for
different levels of ductility and pinching hysteresis. Hence, although
different ground motion records have been used, the median estimates
of collapse capacity from the two models are similar, when appropriate
duration values are employed in the relationships proposed in this
paper.
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Fig. 14. Standardised residuals of the bilinear model against: (a) period, (b) level of P-A, and (c) ductility.
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Fig. 15. Median predicted collapse capacity against duration from this study (solid lines) and from reference [19] (dashed lines) for systems with T =1.0s,
0-a = 0.04, p.= 2.0, and: (a) bilinear hysteresis, and (b) pinching hysteresis. Collapse capacities from this study are shown with circles.
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Fig. 16. Collapse capacity spectra from this study (solid lines) and from reference [19] (dashed lines) for systems with p.= 1.0, bilinear hysteresis, and: (a) long

duration, and (b) short duration.
6. Conclusions

In this paper, a novel collapse capacity prediction model has been
developed, based on IDA results of bilinear and pinching SDOF systems.
Apart from characteristic properties of the structural models, the ground
motion duration, quantified by means of the 5-75% significant duration,
was also included in the predictors. The period, P-A level, and ductility
of the SDOFs were varied in the ranges of 0.2 s-3.0 s, 0.02-0.30, and
1.0-6.0, respectively. The records used in the analyses exhibited up to
70 s strong motion duration and were appropriately scaled to match the
same Eurocode 8-based response spectrum. In total, 67 records from the
NGA-West-2, the Kik-net, and K-Net databases were selected.

Based on correlation analyses, the 5-75% significant duration was
found to be more strongly related to collapse capacity than other ground
motion parameters examined, namely the Arias Intensity and Husid plot
slope, and was therefore regarded as the most appropriate predictor of
collapse. Among the structural properties considered in this research
(period, P-A level, and ductility), all three exhibited high correlation
coefficients with collapse capacity. The period and P-A level also
showed relatively large best-fit line slopes, indicating their importance
as collapse predictors. After developing appropriate functional forms for
the mean and the variance, iteratively reweighted least squares regres-
sion analyses were carried out to fit the collapse capacity data for each
hysteresis type.
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Employing the derived models, the collapse capacity was shown to
decline as duration increases, with the rate of this reduction depending
on the period, P-A level, and hysteresis, as well as the duration itself. At
shorter durations, higher reduction rates were noted, compared to
longer duration levels. The maximum duration-induced capacity
reduction was about 67%, considering the extreme duration values of
the selected records, and was observed for a bilinear SDOF with 3.0 s
period and 0.02 P-A level. This indicates that if short records are
exclusively employed in sites where long ground motions are also
anticipated, the collapse capacity may be significantly overestimated.

To demonstrate the value of the proposed regression models, these
were compared to similar models available in the literature, indicating
the need to include not only the period but also the P-A level and the
ductility, as undertaken in the present study. In addition, the proposed
expressions were shown to advance current discrete duration models,
which provide constant capacity estimates for short and long duration,
thus lacking the ability to predict the capacity for a given target dura-
tion. Such models may overestimate the capacity at duration values
close to the threshold between short and long duration. Nevertheless,
the median long and short collapse capacity spectra derived with the
two methods were in good agreement, provided that consistent duration
levels are considered.

Overall, the expressions proposed in this paper enable collapse ca-
pacity predictions directly based on the expected strong motion
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Appendices.
Record processing

The records from the Japanese database (K-Net and kik-net), which were initially provided as raw data, were subjected to processing, according to
recommendations from previous studies. The basic steps of this procedure are summarised herein. Firstly, baseline correction was implemented
following the procedure in [37]. Next, the noise window was defined according to the method in [38], which picks the noise interval based on duration
and mean energy criteria. The Fourier amplitude spectra of the signal and the noise window were then smoothened using the Konno-Ohmachi filter
with b= 40 [39], and the signal-to-noise ratio (SNR) spectrum was computed. The cut-off frequencies were then selected according to the recom-
mendations in [40], with the low-cut frequency, fj., corresponding to a SNR of 3, and the high-cut frequency, fi,., to a SNR of 2. If the high-cut fre-
quency was equal or greater than the Nyquist frequency, then no high-cut filtering was applied, as this would result in no difference [41]. Before
filtering the record, by means of a 4th order acausal Butterworth filter with the selected cut-off frequencies, a cosine taper was applied at the first and
last 5% of the baseline corrected signal and the acceleration time history was zero-padded with an appropriate length of pads, as suggested in [41].
Finally, the processed records were checked to ensure that their usable frequency bandwidth, which spans from 1.25 fj. to 0.8 f,,c [42], included the
range of frequencies of the SDOF systems examined in this study. The displacement and velocity end values, as well as their decay slopes towards the
end, were also checked, using the criteria postulated in [37]. Records that did not satisfy these requirements were not included in the database.

Prediction model diagnostics

This section presents some additional diagnostic plots of the regression models derived in this paper. Figure B.1 shows the m and n coefficients
estimated from OLS linear regression (Eq. 4), as well as the corresponding values predicted from Eqs. 5 and 6, for pinching systems. Similar to the case
of bilinear hysteresis (Fig. 8), the agreement between the equations and the regression estimates is remarkable for the m values, and relatively good for
the n values, in most cases.

T(s) 0 0-a
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Fig. B1. Predicted (surface plot) and target (spheres) coefficients m and n for pinching systems with p.= 1.0.

Plots of the standardised residuals against the fitted values for the developed bilinear and pinching models are illustrated in Figure B.2. Linear
trend lines are also shown with red colour. The residuals distribution is relatively uniform over the range of the response, without exhibiting any

specific pattern, as indicated also by the horizontal trend lines. Consequently, the standardised residuals can be considered homoscedastic.
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Fig. B2. Standardised residuals against fitted values for:
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(a) bilinear model, and (b) pinching model.
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