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Ground motion duration e�ects on nonlinear seismic response
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SUMMARY

The study presented in this paper addresses the question of which nonlinear demand measures are
sensitive to ground motion duration by statistical analyses of several case studies. A number of single
degree of freedom (SDOF) structures were selected considering: (1) four oscillation periods; (2) three
evolutionary and non-evolutionary hysteretic behaviours; (3) two target ductility levels.
E�ects of duration are investigated, by nonlinear dynamic analysis, with respect to six di�erent

demand indices ranging from displacement ductility ratio to equivalent number of cycles. Input is
made of six real accelerogram sets representing three speci�c duration scenarios (small, moderate and
large duration). For all considered demand quantities time-history results are formally compared by
statistical hypothesis test to asses the di�erence, if any, in the demand concerning di�erent scenarios.
Incremental dynamic analysis curves are used to evaluate duration e�ect as function of ground motion
intensity (e.g. spectral acceleration corresponding to the SDOF’s oscillation period). Duration impact
on structural failure probability is evaluated by fragility curves.
The results lead to the conclusion that duration content of ground motion is statistically insigni�cant

to displacement ductility and cyclic ductility demand. The conclusions hold regardless of SDOF’s period
and hysteretic relationship investigated. Copyright ? 2005 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Conclusive evidence is still not available to accept or reject the hypothesis that ground motion
duration is an important seismological characteristic for seismic demand assessment [1]. Aim
of the work herein presented shows from a general perspective whether duration matters on
nonlinear structural response. This goal is pursued analysing a series of single degree of
freedom (SDOF) systems. Structural features considered to be meaningful for investigation
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are: (1) oscillation period; (2) force–deformation or hysteresis relationship; and (3) target
ductility. For each of these factors the following ranges were considered: four periods (from
0.1 to 4s); three nonevolutionary and evolutionary hysteretic loops; and two yielding strengths
to get ductility levels comparatively ‘high’ and ‘low’.
Six sets of real ground motion records are selected to be representative of three di�erent du-

ration scenarios: ‘small duration’, ‘moderate duration’ and ‘large duration’. Structural response
is evaluated, by nonlinear dynamic analysis, in terms of six di�erent demand indices [2]. To
conclude whether duration is an issue for all the considered demand measures, time-history
results are compared by conventional hypothesis test. To investigate how duration plays a
role in demand analysis and failure probability, incremental dynamic analysis (IDA) [3] and
fragility curves are developed.
Analyses show that in�uence of duration on seismic response depends on the chosen demand

measure; as expected, energy-related indices are very sensitive to it. The less obvious result
is that duration is statistically insigni�cant to displacement ductility ratio and cyclic ductility
regardless of the structural con�guration considered.

1.1. Duration-related measure used in this study

Empirical observations and analytical studies show how cyclic structural damage is related
to energy released during ground shaking. More than 30 de�nitions of seismic duration are
available in literature [4] trying to measure such damage potential [5–7]. Trifunac and Brady
[8] de�ne the e�ective duration tD as the time interval between the 5 and 95% of the root
mean square acceleration (RMSA). The latter is shown in Equation (1) where tE is the total
duration of the seismic event

RMSA=
[
1
tE

∫ tE

0
a2(t) dt

]
(1)

A re�ned determination of the e�ective duration (tn) is proposed by Trifunac and Novikova
[9] as the sum of a number (m) of intervals {t(1)i ; t(2)i } over which a given amount of the
integral

∫ tE
0 a

2(t) dt is made. To compute tn (Equation (2)), intervals are chosen so that their
sum gives the shortest possible time during which the 90% of the RMSA is achieved

tn=
m∑
i=1
(t(2)i − t(1)i ) (2)

In this study, structural damage is related to number and amplitude of plastic cycles induced
by seismic excitation. ID factor (Equation (3)), by Cosenza and Manfredi [10], has been proven
to be a good predictor for computation of plastic cycle demand [11]; it is related with the
energy content of ground shaking but also with energy dissipated by structural response

ID=

∫ tE
0 a

2(t) dt
PGAPGV

(3)

In Equation (3) a(t) is the acceleration time-history, PGA and PGV are the peak ground
acceleration and velocity respectively; tE is, again, the total duration of the seismic event.
Duration will be herein represented primarily in terms of ID. Therefore, duration scenarios
are made of records sampled in narrow ID bins, and in�uence of this factor on the nonlinear
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GROUND MOTION DURATION EFFECTS 23

response is investigated. To interpret results as a function of other duration measures tD and
tn are given for the accelerograms used. Furthermore, ID scenarios are also described in terms
of these two de�nitions of duration.

2. METHODOLOGY

2.1. SDOF systems

Three di�erent constitutive models are herein considered to be analysed with respect to
duration: (a) elastic-perfectly-plastic (EPP); (b) elastic-plastic with hardening (EPH) with
a secondary sti�ness which is 3% of the primary; (c) modi�ed Clough model (MC) [12]
(Figure 1). The EPP model is representative of structural situations such as welded con-
nections steel frames without instability problems. The EPH represents generic bilinear back-
bones. MC is included to cover a wider range of structural cases since it is commonly used to
describe the behaviour of reinforced concrete structures. It has evolutionary features, but still
clearly separating the elastic behaviour to the inelastic part of the response.
Four oscillation periods are associated to each of these models: ‘short’ (0:1 s), ‘moderate’

(0:6 s), ‘long’ (1:5 s) and ‘very long’ (4 s). Chosen vibration periods are representative of
di�erent regions of the Eurocode design spectrum in order to investigate if conclusions hold
in the entire spectral range.
For each SDOF, yielding strength of the hysteretic loop is adjusted to get two target

ductility levels. Yielding values are computed dividing the Eurocode elastic spectral strength,
corresponding to the period of interest, by a factor of 3 (DL3) and 6 (DL6) (damping is
always 5% of critical). Therefore, 3-models× 4-periods× 2-ductility or 24 SDOF systems are
considered in the analyses; SDOF con�gurations are summarized in Table I.
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Figure 1. Backbones investigated: (a) EPP; (b) EPH; and (c) MC.
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Table I. Investigated SDOFs.

Period (T )

0.1 s 0.6 s 1.5 s 4 s

Hysteresis EPP EPH MC EPP EPH MC EPP EPH MC EPP EPH MC

Ductility (DL) 3 6 3 6 3 6 3 6 3 6 3 6 3 6 3 6 3 6 3 6 3 6 3 6

2.2. Nonlinear demand measures

In the following, the six demand measures selected are described. Some indices exclusively
account for lateral displacement or dissipated energy, others consider both quantities. Displace-
ment ductility (Equation (4)) is the ratio of the peak (�max) and yielding (�y) displacements.

Dkin =
�max
�y

(4)

The cyclic ductility (Equation (5)) is de�ned as the sum of maximum negative and positive
inelastic displacement (in absolute values) over yielding displacement.

Dcyc =
−�min + �max

�y
(5)

These two demand de�nitions only account for lateral displacements. If hysteretic behaviour
is also contributing to structural damage, the plastic fatigue should be introduced (Equation
(6)):

Fp =A
n∑
i=1

(
�max; i
�y

− 1
)b

(6)

Fp includes ductility (�max; i=�y) of all plastic cycles (n) through a weighting factor (b) ac-
counting for their amplitude; A is a parameter depending on monotonic loading. It is easy to
recognize that Fp is intermediate between displacement and energy-based demand measures.
For large b values plastic fatigue asymptotically tends toward displacement ductility ratio
since only larger cycles are taken into account. If b=1 all the cycles are weighted the same
independently of their amplitude, in this case plastic fatigue coincides with hysteretic ductility
(Dhyst) or normalized hysteretic energy. The latter can be computed by Equation (7), where
EH is the dissipated hysteretic energy and FY is the yielding strength

Dhyst =
EH
FY�y

+ 1 (7)

Since the equivalent number of cycles (Ne) also clearly accounts for hysteretic behaviour,
it is included in the analyses. (Equation (8) gives Ne for the EPP backbone.)

Ne =
EH

FY(�max − �y) + 1 (8)
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One can see that demand measures considered range progressively from displacement-based
(Dkin) to energy-based (Dhyst) considering two di�erent plastic fatigues (b=1:8; 1:5). Further
details about these indices and their ability to capture nonlinear behaviour may be found in
References [13–18].
It may be considered pointless to investigate duration e�ect (which is expected to be strong)

on energy-related demand quantities. However, obtaining this self-evident result in the frame-
work of analyses presented is necessary; it con�rms that the study is well conducted in the
light of less obvious �ndings as independence of displacement ductility and cyclic ductility
on duration.

2.3. Duration scenarios

Accelerograms for nonlinear time-history analyses are selected to be representative of speci�c
duration scenarios. Herein, three bins of 20 records are de�ned to have speci�c median ID
(ID ≈ 5 ‘small duration’, ID ≈ 14 ‘moderate duration’, ID ≈ 22 ‘large duration’). Characteris-
tics of bins are shown in Figure 2 where ID is represented versus tD and tn.
The primary purpose of selection is to have records featuring durations representative of the

scenarios; to this aim it is desirable to have the lowest scatter possible around the median ID
in each bin. This aids in de�ning the duration scenarios without uncertainty. Lack of data with
the required features in the chosen catalog (see Section 2.3.1) leads to a certain dispersion
which is given in Table II; ID standard deviation is fairly low in the ID5 and ID14 bins while
it is greater in the ID22 group. This scatter leads to a lower gap between the ID14 and ID22
bins, which is re�ected in the corresponding demand curves and fragilities, but it does not
a�ect the general conclusions of the study.
The scenarios are de�ned in terms of ID but they may also be represented in terms of

e�ective duration. The ID5, ID14 and ID22 sets feature 13, 20, 30 s average tD and 7, 12, 16 s
average tn, respectively (Table II).
Each of these three groups is split in two of size-10 sets in order to increase the num-

ber of signi�cant cases to compare. The six size-10 sets, named: ID5a, ID5b, ID14a, ID14b,
ID22a and ID22b, are listed in Appendix A and may be easily retrieved from Paci�c Earth-
quake Engineering Research Center database at http:==peer.berkeley.edu=smcat=. List of records
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Figure 2. ID versus other duration de�nitions in the target sets.
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Table II. Record sets features.

Small Moderate Large
duration—ID6 duration—ID14 duration—ID22

Median ID 5 14 22
Standard deviation ID 0.9 0.7 2.0
C.O.V. ID 0.16 0.05 0.10
Average tD (s) 14 20 30
Average tn (s) 7 12 16

includes ID and duration in terms of both tD and tn. All accelerograms come from the same
catalog so that uniform processing may be assumed.

2.3.1. Records selection process. Speci�c studies [19, 20] show that, for nonlinear demand
assessment purposes, no particular care is required in selecting records with respect to mag-
nitude and distance if accelerograms are scaled to a common intensity level (e.g. �rst mode
spectral acceleration). Herein, prudently, the size-10 sets are characterized by average moment
magnitude from 6.4 [M] to 6.7 [M], then the maximum gap between two sets is 0.3 [M]. Dis-
tance is considered to be even less important than magnitude; therefore, records used in this
study come from a broad range of distances (which here is intended as the closest distance
to fault rupture). However, one can see that average distances of sets are in the range of
70–90 km, so that de�ned sets can be considered similar in terms of magnitude or distance.
Other selection constraints help to reduce the in�uence on results of those factors that are

not in the objective of the study. Only sti� soil accelerograms recorded on free �eld or on
one-storey buildings are considered. To avoid directivity pulse-type e�ects records belong to
the far �eld; to this aim distance is greater than 25 km. Finally, to reduce correlation due to
event commonality within the de�ned sets, it is desirable to have the records coming from
di�erent events. This requirement con�icts with the purpose of having sets well de�ned in
terms of duration due to limits of catalogue. The compromise was to limit to no more than two
records per set coming from one event and limiting as much as possible the event overlapping
among di�erent duration scenarios. Accelerograms have been chosen randomly among those
meeting the listed requirement.

2.4. Analyses

The SDOF cases are analysed by nonlinear time-history with the described sets as input.
As �rst step, in�uence of ID is evaluated by conventional hypothesis test [21] on nonlinear
demand resulting from di�erent duration scenarios. The null hypothesis is that record sets
featuring di�erent duration give the same median demand if scaled to a common spectral
acceleration level (e.g. overall median); if the hypothesis cannot be rejected one can conclude
that duration is insigni�cant for the considered demand measure.
Scaling of compared record sets is important because duration is correlated with magnitude,

so for a given distance an increase in magnitude will also produce an increase in duration
and lateral displacement. Therefore, in general one could observe correlation between duration
and lateral displacement. Scaling of records to a common spectral acceleration (Sa) lead to
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Figure 3. IDA-based fragility example (T = 0:6 s—EPP SDOF).

conclusions about duration e�ects on inelastic behaviour provided that the ground motions
produce same elastic demand.
For example, let us consider the SDOF featuring T =0:6 s—EPP—DL3. To compare the

ID22a and ID5b sets they are scaled to the same Sa corresponding to T =0:6 s. The nonlinear
dynamic analyses provide the medians of the six demand measures for the two sets. For each
measure the median resulting from the set ID22a is compared to the median demand of the
set ID5b. The null hypothesis is that medians are equal (i.e. duration does not matter).
The test gives a direct response to the question: which of the chosen demand measures

is sensitive to durations? The �ndings determine in which case the null hypothesis has to
be rejected. The hypothesis test gives a ‘yes–no’ answer without investigating the duration’s
e�ects quantitatively. Therefore, the trend of demand as a function of ground motion intensity
measure (e.g. Sa) is evaluated by IDA. To this aim, all accelerograms in the sets are indi-
vidually scaled to get the desired spectral acceleration level in a given range, and then the
medians of demand measures are plotted versus Sa. (ID is insensitive to amplitude scaling of
records.) If IDA curves generated with record sets representing di�erent ID provide increasing
demand for larger ID (given the same Sa level) it is possible to conclude that duration matters
for that particular demand measure and a picture of tendency is given.
Assuming log-normal dispersion of the IDA’s results of di�erent records around the median

of the IDA curve (Figure 3), and de�ning a threshold representative of the structural capacity,
it is possible to compute fragility curves. This step further in the analyses provides information
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about in�uence of duration on failure probability including record-to-record variability and
capacity information. If the duration is signi�cant for fragility it is expected that, for the
same Sa level, curves developed with records belonging to di�erent ID sets provide failure
probability somehow proportional to it (i.e. a small ID set gives lower failure probability than
fragilities built with larger ID records).

3. RESULTS AND DISCUSSION

In this section, hypothesis tests, IDA, and fragility analyses are discussed. For the sake of
brevity only selected result are given in details. Analyses regarding the T =0:6 s SDOF are
shown for both target ductility levels of the two EPP and MC force–deformation relation-
ships. Other results are given in summary form. A more detailed report of all the considered
structures may be found in Reference [22].
The SDOF—T =0:6s is discussed since this period may be of special interest for earthquake

engineering applications; the EPP backbone is one of the most commonly used in this kind of
study while the MC is analysed because it is evolutionary. It is remarkable that conclusions
hold for all others SDOF study cases which cannot be published here since they would require
a longer description with little incremental value to the discussion.

3.1. Hypothesis tests

If duration does not matter for a given demand measure, the median responses evaluated by
two record sets representing di�erent ID scenarios should be virtually the same. Testing this
means performing a statistical test on the ratio (z) of the estimated medians being equal to 1.
z is de�ned as the median demand of a record set (x), for example ID22a featuring ID ≈ 22,
divided by the resulting median of another set (y) belonging to a di�erent duration scenario
(i.e. ID5b characterized by ID ≈ 5)

z=
��x
��y

(9)

In Equation (9), ��x and ��y are the estimated demand medians of set x and set y (ID; x ¿ ID;y)
respectively. The estimation of standard error of z can be evaluated as

�z=

√
�2x
n1
+
�2y
n2

(10)

where n1 and n2 are the sample sizes of the sets x and y, respectively; �x and �y are
the standard deviations of the natural logarithms of the sets. Under the assumption that the
individual responses are lognormal the natural log of the ratio in Equation (9) divided by �z
is distributed as the Student-t with (n1 + n2 − 2) DOF. In this case the number is 18.
As discussed, the assumption being tested is that the z-ratio is statistically not di�erent

from one. It means that di�erent duration scenarios provide the same demand given that they
are scaled to a common Sa level (e.g. they provide the same elastic demand). Formally the
null hypothesis, H0, of the test is

H0 : median responses are equal
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To the acceptance of this hypothesis we can associate a statistical signi�cance level, which
corresponds to the risk of rejecting when it is in fact correct.

Signi�cance level=P[reject H0 |H0 correct]
Two signi�cance levels have been considered; they correspond to the ‘1.5-sigma and

2-sigma’ levels (here the ‘1.5-� and 2-�’ levels). For the two-sided Student-t PDF with
18 DOF these levels correspond to 0.152 and 0.061, respectively. Therefore to test whether
one can accept the hypothesis that a pair of sets medians are equal, one needs simply to
calculate the natural log of their ratio (ln(z)), divide that by the estimated standard error, �z,
and con�rm whether that result is ‘close’ to zero, where close means within ±1:5 or ±2:0
for the 15 and 6% signi�cance levels, respectively. For example, the lower left-hand case in
Table III —Dkin yields a response ratio of 0.89 whose natural log is about 0.12; the standard
error is about 0.15. The former divided by the latter is 0.81 (to two signi�cant �gures). This
value is less than 1.5 (or 2.0), so the equality of medians hypothesis may be accepted at the
15% (and 6%) signi�cance level. Note that if the ratio is close to unity, an approximate check
is to simply compare the deviation from unity (1:0− 0:81 or 0.19 in this example) with 1.5
(or 2.0) times � (0.23 or 0.30 in this example). This is adequate in most cases here. Note
that even if the hypothesis is true one would expect to reject it (incorrectly) in about 15%
(or 6%) of the cases.
Table III shows absolute values of ln(z)=� for T =0:6s SDOF with EPP backbone (DL3) for

all demand indices considered. Those results leading to rejection of the null hypothesis at 1:5�
con�dence are highlighted in bold–italic. This table leads to the conclusion that, in the case
of displacement ductility ratio, there is no evidence to conclude that duration is signi�cant; in
fact, all the values are generally close to zero meaning very similar responses to di�erent ID
scenarios. Hysteretic ductility and equivalent number of cycles results strongly suggest that
ID matters in nonlinear demand analysis and H0 is rejected in almost all comparisons.
Plastic fatigue is expected to be sensitive to duration (depending on b value), but the latter

is not clearly shown in the tables. To explain this, it is worth recalling that if a hypothesis
test does not reject a given null hypothesis it means that there is not enough information to
support acceptance, which may be attributed to large dispersions or inadequate sample sizes.
IDA and fragility curves will show sensitivity of Fp to ID, which cannot be evaluated by
this test.
Finally, elements in the cells below the diagonals in Table III show the comparison of

di�erent sets with the same ID. These results are clean of null hypothesis rejections since
two sets with the same ID are virtually equivalent by de�nition. (For example, ID5a and ID5b
should always give virtually the same nonlinear response if scaled to a common Sa level;
such equivalence is herein con�rmed for all sets.)
Table IV shows the summary of the rejection cases for the nonevolutionary backbones

(all SDOF periods) at 2� signi�cance levels. In the displacement ductility ratio case the
corresponding overall rejecting fraction is 3 out of 16 × 12 (192) which is approximately
0.02; for Dcyc this ratio yields to 0.03. In both cases if these values are lower than 0.06
or 6%; then the hypothesis that duration (ID) does not matter, independently of period and
ductility level, and has to be accepted at 2� signi�cance level.
At 1:5� level (Table V) the rejection fractions for displacement and cyclic ductility are 0.05

and 0.06, respectively, leading to the same conclusion of 2�. For the Dhyst rejection cases,
fractions are 0.20 (2�) and 0.44 (1:5�); therefore, the null hypothesis has to be rejected. The
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Table III. Hypothesis test results. T = 0:6 s—EPP SDOF, DL3.

Dkin 5a 5b 14a 14b 22a 22b Dcyc 5a 5b 14a 14b 22a 22b

5a 0.00 5a 0.00
5b 0.23 0.00 5b 0.38 0.00
14a 0.01 0.16 0.00 14a 0.00 0.36 0.00
14b 0.16 0.01 0.13 0.00 14b 0.77 1.08 0.74 0.00
22a 0.03 0.17 0.01 0.13 0.00 22a 0.02 0.35 0.02 0.64 0.00
22b 0.81 0.97 0.60 0.67 0.73 0.00 22b 0.21 0.54 0.20 0.50 0.16 0.00

Fp1.8 5a 5b 14a 14b 22a 22b Fp1.5 5a 5b 14a 14b 22a 22b

5a 0.00 5a 0.00
5b 0.02 0.00 5b 0.03 0.00
14a 0.70 0.69 0.00 14a 1.16 1.11 0.00
14b 0.03 0.05 0.77 0.00 14b 0.29 0.25 0.85 0.00
22a 0.74 0.74 0.15 0.80 0.00 22a 1.00 0.95 0.01 0.73 0.00
22b 1.09 1.09 0.55 1.16 0.37 0.00 22b 1.51 1.46 0.55 1.24 0.48 0.00

Dhyst 5a 5b 14a 14b 22a 22b Ne 5a 5b 14a 14b 22a 22b

5a 0.00 5a 0.00
5b 0.20 0.00 5b 0.01 0.00
14a 1.74 1.81 0.00 14a 1.81 2.47 0.00
14b 0.92 1.05 0.82 0.00 14b 1.19 1.48 0.47 0.00
22a 1.53 1.62 0.04 0.74 0.00 22a 1.61 2.03 0.01 0.40 0.00
22b 2.35 2.39 0.81 1.53 0.68 0.00 22b 1.81 2.50 0.02 0.46 0.01 0.00

Table IV. 2� rejection cases summary for EPP and EPH SDOF.

Dkin T = 0:1 T = 0:6 T = 1:5 T = 4:0 Dcyc T = 0:1 T = 0:6 T = 1:5 T = 4:0

EPP DL3 0 0 1 0 EPP DL3 0 0 1 0
EPP DL6 0 2 0 0 EPP DL6 0 0 2 3
EPH DL3 0 0 0 0 EPH DL3 0 0 0 0
EPH DL6 0 0 0 0 EPH DL6 0 0 0 0

Dhyst T = 0:1 T = 0:6 T = 1:5 T = 4:0 Ne T = 0:1 T = 0:6 T = 1:5 T = 4:0

EPP DL3 4 3 0 0 EPP DL3 8 3 3 2
EPP DL6 7 2 0 0 EPP DL6 8 8 0 0
EPH DL3 4 2 1 1 EPH DL3 8 6 3 2
EPH DL6 7 6 1 0 EPH DL6 7 8 6 1

same happens for the equivalent number of cycles where the rejection fractions are 0.38 (2�)
and 0.53 (1:5�), respectively. In all cases where hypothesis test rejections were detected, the
ratio of the responses always shows a larger demand for the larger ID.
The hypothesis test results for the MC are summarized in Table VI. The conclusions are

the same as for the nonevolutionary backbones. Looking at the magnitude of the ratios (i.e.
in the Ne case) it can be observed, assuming comparable dispersion, that the MC backbone
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Table V. 1:5� rejection cases summary for EPP and EPH SDOF.

Dkin T = 0:1 T = 0:6 T = 1:5 T = 4:0 Dcyc T = 0:1 T = 0:6 T = 1:5 T = 4:0

EPP DL3 0 0 0 0 EPP DL3 0 0 0 2
EPP DL6 1 3 2 1 EPP DL6 0 2 3 3
EPH DL3 0 0 1 0 EPH DL3 0 0 0 0
EPH DL6 0 1 0 0 EPH DL6 0 1 0 0

Dhyst T = 0:1 T = 0:6 T = 1:5 T = 4:0 Ne T = 0:1 T = 0:6 T = 1:5 T = 4:0

EPP DL3 8 7 6 3 EPP DL3 8 6 5 4
EPP DL6 8 6 6 1 EPP DL6 8 9 2 1
EPH DL3 8 4 5 4 EPH DL3 10 8 5 5
EPH DL6 8 5 6 0 EPH DL6 9 11 7 4

Table VI. Hypothesis test results T = 0:6 s—MC SDOF, DL3.

Dkin 5a 5b 14a 14b 22a 22b Dcyc 5a 5b 14a 14b 22a 22b

5a 0.00 5a 0.00
5b 1.10 0.00 5b 1.10 0.00
14a 0.89 0.05 0.00 14a 0.89 0.05 0.00
14b 0.20 1.16 0.97 0.00 14b 0.20 1.16 0.97 0.00
22a 0.19 0.78 0.67 0.35 0.00 22a 0.19 0.78 0.67 0.35 0.00
22b 0.47 0.59 0.51 0.61 0.23 0.00 22b 0.47 0.59 0.51 0.61 0.23 0.00

Dhyst 5a 5b 14a 14b 22a 22b Ne 5a 5b 14a 14b 22a 22b

5a 0.00 5a 0.00
5b 0.00 0.00 5b 1.04 0.00
14a 2.43 2.22 0.00 14a 2.73 4.64 0.00
14b 1.08 1.00 1.26 0.00 14b 2.03 3.74 1.11 0.00
22a 2.36 2.20 0.20 1.33 0.00 22a 3.20 4.59 1.41 2.02 0.00
22b 2.55 2.39 0.48 1.56 0.26 0.00 22b 3.29 4.72 1.53 2.14 0.07 0.00

is more sensitive to duration since larger ID sets are more demanding than in the EPP. All
these �ndings will be con�rmed by IDA and fragility curves.

3.2. IDA curves

Hypothesis tests have been intended as preliminary tool for analysing statistical in�uence of
duration on di�erent demand measures. To observe e�ects of ID on the demand’s trend IDA
curves are computed. In Figure 4 demands in the 0 [g]–1 [g] Sa range are reported for the
T =0:6 s SDOF with EPP backbone (DL6). For the purpose of IDA, sets with the same ID
are merged in one set (i.e. ID5a ∪ ID5b ≡ ID5) increasing to 20 records each.
The relative distance of demand curves built with record sets featuring di�erent ID gives

a picture of how it a�ects demand at given Sa. Demand medians in Figure 4 con�rm the
hypothesis test results. IDA shows how ID in�uence is undetectable in displacement ductility
ratio and cyclic ductility where curves overlap each other and no domination of larger duration
may be detected (i.e. set with ID5 gives a larger demand in Dcyc than ID14 and ID22).
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Figure 4. IDA curves for T = 0:6 s—EPP SDOF, DL6 (♦−−, ID5; , ID13; �−−, ID20).

IDA is also helpful in evaluating the in�uence of duration on the plastic fatigue, which
the hypothesis test is not able to capture. Fp with b=1:8 shows a slight in�uence of ID;
the demand curves are ranked in crescent sense of duration. Fp with b=1:5, as expected,
is more sensitive to duration giving more importance to the dissipated energy during the
hysteretic behaviour of the structure. In this case, curves still respect the crescent sense of
ID and are more separated than for b=1:8 case. Hysteretic ductility IDA suggests the larger
in�uence of duration on this demand measure by a larger discrepancy among curves. The
same observations hold for equivalent number of cycles.
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Since plots refer to the same abscissa (Sa) range it is also possible to conclude that demand
due to ID increases progressively from Dkin to Fp (b=1:8) and from Fp (b=1:5) to Dhyst.
This same trend was observed, without exceptions, in all other study cases which are not
reported here.

3.3. Fragility curves

IDA pictures the median demand trend as a function of spectral acceleration. E�ects of dura-
tion in terms of failure probability, is evaluated by fragility curves. Fragilities are estimated
as described in Figure 3, considering scatter of IDA around its median and a capacity thresh-
old; the latter is 5 times monotonic ductility. Figure 5 represents fragilities retrieved from
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Figure 5. Fragility for T = 0:6 s—EPP SDOF, DL6 (♦−−, ID5; , ID14; �−−, ID22).
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Figure 6. Fragility comparison for Dkin and Dhyst with di�erent capacity (♦−−, ID5; �−−, ID22).

curves in Figure 4. (Fragility curves are not perfectly smooth because the number of Sa levels
investigated in the [0,1] [g] interval is 10.)
The large record-to-record ID variability in the ID22 set (see Figure 2) leads to a smaller

distance in fragilities of ID22 and ID14, but raking in the crescent sense of duration is al-
ways respected. Fragilities are useful in improving signi�cance and accuracy of conclusions
if ID5 and ID22 curves are compared. As in hypothesis tests and IDA: it is not possible to
recognize any ID e�ect in displacement and cyclic ductility where, for a given Sa (abscissa),
failure probability for di�erent ID are close, and, most importantly, fragility curves cross each
other not respecting any particular order. Looking at plastic fatigue and hysteretic ductility or
equivalent numbers of cycles, failure probability is crescent with ID at each given Sa. More-
over, going toward energy-based demand quantities, the curves become progressively steeper
meaning an increasing di�erence in failure probability among di�erent duration sets.
For example, for plastic fatigue (b=1:5) at Sa =0:4 [g] the corresponding failure probability

is about 0.15 for the ID5 set and it is 0.4 for the ID22 set yielding to a ratio (of the latter
divided by the former) of 1.5. At the same Sa level this ratio in the hysteretic ductility is
about 2 and about 4 in the equivalent number of cycles.
Overall, even though relative distance among curves is also dependent on capacity threshold

and sensitivity of demand upon Sa, fragility curves indicate an easier collapse for those sets
with larger duration by increasing in slope. This e�ect is undetectable for displacement and
cyclic ductility, moderate for plastic fatigue with large b, strong for low b and hysteretic
ductility.
Now may be called into question how capacity threshold a�ects the conclusions resulting

from fragility analysis. Figure 6 shows the comparison of displacement ductility ratio and
hysteretic ductility curves, for the SDOF just discussed, when the Dhyst capacity is increased
by a factor of 5 while the capacity for Dkin is kept the same as in Figure 5. (The ID14 curve
has been removed to keep the graph clear.) It is possible to observe how the in�uence of ID
on the failure probability is independent of the capacity level. In fact, the failure probability
for the ID22 set is larger than ID5 in the Dhyst (dashed); such discrepancy is very small for
Dkin (solid).
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Figure 7. Dhyst fragility comparison for EPP and MC backbones (♦−−, ID5; �−−, ID22).

Figure 7 gives information about di�erent sensitivity of nonevolutionary and evolutionary
backbones to duration (ID). Hysteretic ductility fragility curves for EPP and MC backbones are
compared (T =0:6s—DL3). For the given capacity value (6 monotonic ductility) the in�uence
of duration is larger for the evolutionary backbone rather than for the nonevolutionary. For
example, at Sa =0:65 [g] failure probabilities for ID22 divided by ID5 yield a ratio of 2 for
the EPP while it is about 3.5 for the MC indicating more in�uence of duration on the latter
than on the former.

4. CONCLUSIONS

This study evaluated, on a statistical basis, how ground motion duration, herein primarily ex-
pressed in terms of ID, a�ects nonlinear seismic response of selected SDOF systems. Duration
has been found to be insigni�cant to displacement ductility demand assessment, regardless
of oscillation period and backbone (nonevolutionary and evolutionary), while it considerably
a�ects other demand parameters such as hysteretic ductility and equivalent number of cycles.
Ultimately the results lead to the conclusion that the answer to the question ‘does dura-
tion matter?’ depends on the considered demand measure. According to hypothesis tests,
the assumption that duration in�uences nonlinear seismic analysis has to be rejected for
displacement-based demand indices and has to be accepted for energy-based as hysteretic
ductility in all the investigated cases. IDA curves con�rm hypothesis tests resulting in a
broad range of spectral accelerations and prove the dependence of plastic fatigue on duration
as function of the ‘b’ value. Fragility analyses call into question record-to-record variability
and structural capacity; these curves indicate no in�uence of duration on failure probability for
displacement ductility ratio and cyclic ductility since curves cross each other. Failure proba-
bility discrepancy between large and small ID sets progressively increases from plastic fatigue
(large b) to equivalent number of cycles suggesting, again, a signi�cant duration in�uence.
Fragility analysis is also able to show how conclusions hold independently of the capacity
and how nonevolutionary backbones are less sensitive to duration than evolutionary.
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