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Effect of peak ground velocity on deformation demands
for SDOF systems
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SUMMARY

The effect of peak ground velocity (PGV) on single-degree-of-freedom (SDOF) deformation demands
and for certain ground-motion features is described by using a total of 60 soil site records with source-
to-site distances less than 23 km and moment magnitudes between 5.5 and 7.6. The observations based
on these records indicate that PGV correlates well with the earthquake magnitude and provides useful
information about the ground-motion frequency content and strong-motion duration that can play a role
on the seismic demand of structures. The statistical results computed from non-linear response history
analyses of different hysteretic models highlight that PGV correlates better with the deformation demands
with respect to other ground motion intensity measures. The choice of PGV as ground motion intensity
decreases the dispersion due to record-to-record variability of SDOF deformation demands, particularly
in the short period range. The central tendencies of deformation demands are sensitive to PGV and
they may vary considerably as a function of the hysteretic model and structural period. The results
provided in this study suggest a consideration of PGV as a stable candidate for ground motion intensity
measure in simplified seismic assessment methods that are used to estimate structural performance for
earthquake hazard analysis. Copyright © 2005 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The underlying principle in performance-based seismic design is to establish a consistent
methodology on the exceeding probabilities of structural damage states (i.e. limit states) for a
given seismic hazard level. The seismic hazard is quantified through a ground motion intensity
measure (IM, e.g. peak ground acceleration PGA, spectral acceleration S,, etc.) whereas the
damage state is described in terms of an engineering demand measure (DM, e.g. maximum
roof and interstorey drift, displacement ductility, etc.). The inherent uncertainties associated
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with the intensity and demand measures and their correlation/relevance for a specific structural
response due to a particular ground motion type poses a significant debate for performance-
based seismic engineering research. The proposed analytical methods should rigorously mani-
fest the statistical relationship between the chosen IM and DM for reliable structural damage
assessment, yet they should be practical and easily understood for engineering calculations.
Within this scope a search for an elaborate IM that captures the prominent ground-motion
features with smaller dispersions about the central tendency of DM (i.e. mean or median
behaviour) is of prime importance for performance-based earthquake engineering.

Efforts in predicting DMs for structural systems deforming beyond their elastic limits are
abundant in the literature. Most of these studies focus on the estimation of peak displacement
ductility demand u, the ratio of maximum inelastic deformation to yield deformation. The
displacement ductility as a DM provides an estimate of peak non-linear deformation of a
structural system and is usually related to the normalized yield strength R (ratio of elastic
to yield strength of the structure). The studies by Veletsos and Newmark [1], Newmark and
Hall [2,3], Lai and Biggs [4], Elghadamsi and Mohraz [5], Riddell et al. [6—8], Nassar and
Krawinkler [9], Miranda [10, 11], Vidic et al. [12], Ordaz and Pérez-Rocha [13], and Cuesta
and Aschheim [14] may be cited among those that describe period-dependent rules (called as
R—u—T relations) for estimating the maximum deformation demands on SDOF systems. The
common methodology in these relations is to develop period-dependent regression expressions
for the central tendencies of DM by using the results provided from the SDOF non-linear
response history analyses. The difference among these procedures, however, is the implementa-
tion of the IM parameter to the devised rule that predicts the target DM. Procedures proposed
by Veletsos and Newmark [1], Newmark and Hall [2,3], Riddell and Newmark [6], Vidic
et al. [12], and Cuesta and Aschheim [14] consider the ratio of peak ground motion values
(peak ground velocity to acceleration) to account for the frequency composition of ground
motion record on the central tendency of DM. Miranda [10, 11] considered the influence of
site condition, magnitude and epicentral distance on the mean DM. The proposed R—u—T
relationship by Ordaz and Pérez-Rocha [13] essentially used peak ground displacement to es-
timate the mean maximum deformation demands for non-linear oscillator response. Recently,
Miranda [15] and Ruiz-Garcia and Miranda [16] provided period-dependent direct displace-
ment modification factors for a given u or R to predict the maximum inelastic deformation
demands on SDOF systems using their elastic counterparts. The derived regression relation-
ships are based on comprehensive ground-motion data sets and consider the influence of site
condition, magnitude and closest source-to-site distance on deformation demands. Miranda [15]
and Ruiz-Garcia and Miranda [16] also provided the dispersion statistics about the central ten-
dency of DMs and indicated that the dispersion can vary significantly depending on the period
of vibration, level of inelastic deformation and local site conditions. More recently, Farrow and
Kurama [17] conducted detailed statistical analyses on other DMs to quantify cumulative dam-
age, hysteretic energy and residual deformation of structural systems subjected to earthquake
ground motions. The large ground-motion data set used by Farrow and Kurama [17] is com-
prised of stiff and soft soil records with different levels of exceeding probabilities for low and
high seismic regions in the U.S. Similar to the other studies cited above, Farrow and Kurama
[17] derived regression equations for the central tendencies of the considered demand indices
using SDOF non-linear response history analyses. As part of their study, the authors indicated
that the dispersions around the central tendencies of DMs are affected by the ground motion
intensities and vary erratically by means of vibration period and inelastic deformation level.
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More detailed information on IM parameters and their intricate relationship with the
selected DM has been revealed by the probability-based damage assessment research. Shome
et al. [18] indicated that the dispersion about median DM predictions reduce when ground-
motion bins of narrow magnitude and distance interval are normalized (or scaled) to the
bin-median spectral acceleration at the fundamental period of structure (i.e. S,(7))) under
consideration. Cordova et al. [19] proposed a two parameter IM that accounts for the period
shift resulting from inelastic structural response. The proposed IM is based on the spectral
acceleration ratio of fundamental mode period (S,(77)) to relatively longer period (S.(7%))
that mimics the non-linear structural behaviour due to inelastic response. The fundamental
mode spectral acceleration approach (S,(7})) for defining the IM is also used by Krawinkler
et al. [20] to explore the variation of storey drift and storey ductility DMs under specific
ground motion records. As part of this extensive research, Krawinkler es al. [20] concluded
that firm site ground motions with magnitudes ranging between 5.5 and 7.0 and distances
more than 15 km from the fault rupture (designated as ‘ordinary records’) have frequency
characteristics insensitive to magnitude and distance. This concluding remark is used by the
authors to describe the unbiased central tendency of the DM parameters as a function of a
single IM (i.e. S,(77)) for regular frame structures deforming primarily in the first mode. A
recent study conducted by Giovenale et al. [21] proposed probability-based methods to test
the ‘efficiency’ and ‘sufficiency’ of alternative IMs (defined as original and candidate ground
motion intensity indices in the referred study) for a chosen DM. The dispersion comparison
of the DM conditional to the alternative IMs is the criterion for deciding on the most ap-
propriate IM. It should be noted that the common IM used in the probability-based damage
assessment procedures (such as the ones cited above) is either a component of S, or PGA as
they make use of probabilistic seismic hazard curves and ground-motion prediction equations
(attenuation relationships) that are derived in detail for S, and PGA due to the traditional
code approach.

Over the last decade, studies on relating the structural damage to alternative ground motion
intensities have accelerated among the engineering and seismological community. Unexpected
structural/non-structural damage due to large near-fault earthquakes that have occurred in
densely built areas and a large number of ground motions recorded during these earthquakes
stimulated these efforts. Wald er al [22] investigated the correlation between the Modified
Mercalli Intensity (MMI) and PGA and PGV. Based on the instrumental data obtained from 8
California earthquakes, the study by Wald et al. [22] revealed that PGV represents a better
correlation for larger MMI values. A similar study by Wu et al. [23] found comparable results
to Wald et al. [22] by using the ground motion data from the 1999 Chi-Chi, Taiwan, earth-
quake. Another observation highlighted by Wu et al. [23] is that between PGA and PGV, the
latter IM has a stronger correlation with the earthquake magnitude. As a matter of fact, earlier
work (e.g. References [24,25]) has also emphasized the significance of ground velocity as an
IM on structural response. These studies introduced the incremental velocity concept (pulse
area under acceleration time series) specific to near-fault ground motions with pulse signals
and showed the increasing structural damage for increasing incremental velocity value. The
conclusions derived in these and similar studies could not be implemented in the wide array
of engineering calculations due to the lack of PGV-based ground-motion prediction equations
that would promote PGV as a well-recognized IM. (Until recently, the common references
for PGV-based ground-motion prediction equations were limited only to those of Joyner and
Boore [26] and Campbell [27,28]). Recent seismological studies have premised PGV-based
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prediction equations due to the inadequacy of using solely PGA or S, for design and seis-
mic performance assessment of structures [29—33]. However, these seismologically compelled
studies should be incorporated by other studies that provide comprehensive information for
the suitability of PGV as an IM on the chosen DM.

The objective of this study is to scrutinize the properties of PGV intensity measure for
the description of prominent ground-motion features and its corresponding effects on SDOF
deformation demands. A ground-motion data set of 60 soil site records with closest source-
to-site distances less than 23 km and moment magnitudes (M) ranging between 5.5 and 7.6
is divided into three PGV bins. Each ground motion bin constitutes 20 records that cover the
PGV values of less than 20, 2040, and 40-60 cm/s, respectively. The ground motions do
not contain pulse signals that may introduce bias in the conclusions exclusively derived for
the direct effect of PGV on the ground motion features and DMs. Therefore, the results and
conclusions presented should not be generalized for the pulse dominant waveforms that are
mostly observed in near-fault records with forward directivity. Limited to the data set used in
this study, the correlations between PGV and magnitude, ground-motion frequency content,
and strong-motion duration are presented. Non-linear oscillator response history analyses are
conducted using different hysteretic models to obtain the period-dependent central tendency of
maximum SDOF deformation demand (DM selected in this study) for the subject PGV bins.
Using the non-linear response history analyses results, period-dependent correlation coefficients
are computed between PGV and maximum SDOF deformation demands at various inelastic
deformation levels. Similar correlation coefficients are also computed for alternative IMs to
compare and quantify the capability of PGV as an intensity measure on maximum SDOF
deformation demands. The dispersion around the central tendency of the selected DM is
described to see the role of PGV on the uncertainties associated with the subject DM due to
record-to-record variability. The discussions presented in this paper are believed to be useful
for future studies that aim to provide elaborate methodologies for reliable structural damage
assessment in relation to seismic hazard.

2. GROUND MOTION DATA

Tables I-III list the important features of ground motions used in this study. Each table
presents a total of 20 records that are grouped for a pre-determined PGV range to assess
the influence of this IM on certain ground-motion parameters and on SDOF deformation
demands. The first ground-motion bin that consists of records having PGV values less than
20cm/s is listed in Table I. The second and third ground-motion bins are comprised of records
with PGV values ranging between 20-40 and 40-60 cm/s and they are shown in Tables II
and III, respectively. The records represent soil site recordings and their site information
is obtained from the COSMOS (http://www.cosmos-eq.org) Virtual Data Center where the
data is downloaded. Given the site information presented in Tables I-III, the ground motions
represent records of site classes C and D according to the current seismic provisions in the
U.S. [34]. The filtering information given for the downloaded data indicated that, on average,
the accelerograms are low-cut filtered by corner frequencies between 0.1 and 0.2Hz except for
the digital 1999 Chi-Chi, Taiwan, earthquake records that are processed by corner frequencies
of 0.04 Hz. This information is used in defining the period bound for non-linear response
history computations. The velocity time series of each record is examined in order to exclude
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ground motions with pulse signals, as such records have distinct effects on the linear/non-linear
structural response and they can mask/intervene the salient features of PGV both for ground-
motion parameters and demand measures [35,36]. The upper and lower limits of the moment
magnitude and closest source-to-site distances (d) for the ground motions are 5.5<M<7.6
and 2.5 km <d <23 km, respectively. These ground motions can generically represent a near-
fault data set of moderate to severe events that do not exhibit strong pulse effects due to
forward directivity or any other seismological and geological complexity.

3. EFFECT OF PGV ON GROUND-MOTION PARAMETERS

Among particular ground-motion parameters, the earthquake magnitude, ground-motion dura-
tion and frequency composition of ground motion can provide comprehensive information on
the earthquake hazard. A good correlation of these parameters with the chosen IM can be used
to portray a proper description of demand changes on structural systems. Figure 1(a) displays
the magnitude versus PGV for the ground motions presented in this study. The ground-motion
bins are shown by different symbols for a clear observation of PGV variation with magni-
tude. The dark solid lines are the mean magnitude values computed for each ground-motion
bin. The variation of earthquake magnitude with respect to PGV has a trend indicating that
large magnitude events are more likely to produce ground motions with higher velocities. The
higher expectation of large deformation demands for large magnitude events and the observa-
tions from Figure 1(a) can be interpreted as increased damage in structures that are subjected
to ground motions with large velocity. This issue is addressed in the following section while
discussing the sensitivity of SDOF deformation demands to different PGV levels.

Figure 1(b) displays a similar scatter plot as in Figure 1(a) for the variation of ground-
motion duration with respect to PGV. The effective ground-motion duration (7.g) definition of
Bommer and Martinez-Periera [37] is used for the computation of strong ground shaking in-
terval for each record. This definition is based on the Arias intensity that uses the accumulated
ground motion energy. The effective durations are presented as the percentage of the
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Figure 1. Variations of: (a) magnitude; (b) effective ground-motion duration; and (c) frequency
composition with respect to PGV.
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total record length for each ground motion in order to eliminate the discrepancies in Ty due
to the vast variation of recording durations among the ground motions. The scatter plots in
Figure 1(b) show that the effective durations tend to increase for larger PGV particularly when
the peak velocity amplitudes are greater than 20 cm/s. This observation can be important for
post-yielding structures as longer effective duration may provoke the strength deterioration
that could influence the deformation demand on structures.

The effect of PGV on the ground-motion frequency content is presented in Figure 1(c)
by plotting the median Fourier amplitude spectrum (FAS) for the three ground-motion bins
of different PGV ranges. The results are plotted for a frequency range of 0.1 Hz (10.0s) to
25Hz (0.04 s) considering the limitations imposed by the low-cut filter frequencies described
in the preceding section. The Fourier amplitude spectrum gives a direct measure for the
ground-motion frequency variation as a function of PGV. The plots indicate that there is a
prominent PGV effect in the lower frequencies (i.e. in the longer periods) where the frequency
content of ground motions imposing high velocities become notably rich. This observation was
one of the fundamental remarks made by Newmark and Hall [3] and essentially can be related
to the variation in SDOF deformation demands as will be discussed in the next section.

4. EFFECT OF PGV ON SDOF DEFORMATION DEMANDS

The previous section presented some elementary features of PGV on certain ground-motion
parameters by using simple statistics. This section combines the observations made in the
preceding section with the results of non-linear SDOF response history analyses to give a
broader view for the role of PGV as an IM on deformation demand. The non-linear re-
sponse history analyses are conducted for elastoplastic, modified Clough [38] and modified
Takeda [39] hysteretic models to simulate different structural response under earthquake exci-
tation. The critical damping is taken as 5-per cent for all response history computations. The
results are presented for the mean variation of maximum SDOF deformations computed for
each PGV-based ground-motion bin as a function of constant ductility x and constant normal-
ized strength ratio R. The displacement ductility and normalized strength displacement spectra
provide distinct information for the deformation demands on structures that can guide the en-
gineer for the preliminary design of new structures or for the seismic performance evaluation
of existing structures, respectively. (The reader is referred to Miranda [15] and Ruiz-Garcia
and Miranda [16] for a broader discussion on the merits of constant ductility and constant
normalized strength spectra.)

4.1. Sensitivity of spectral displacements to PGV

Figure 2 presents the mean maximum SDOF deformation demands (spectral displacements Sy)
for the ground-motion bins used in this study. The non-linear maximum deformations are com-
puted by using elastoplastic hysteretic model for a period range of 0.1-4.0 s that is consistent
with the filter corner frequencies of the processed data. The results are presented for displace-
ment ductility and normalized strength ratios ranging from 1 (i.e. elastic deformation demand)
to 8. The first row in Figure 2 displays the results for constant ductility ratio whereas the
second row shows the spectral displacements for normalized strength ratio R. The grey dotted
lines in these plots approximately show the spectral corner periods 7. that divide the spectral
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Figure 2. Effect of PGV on spectral displacements for constant x and R.

regions where the so-called ‘equal displacement’ rule is applicable from those where this
rule is not valid. The major observation from Figure 2 is the consistently increasing spectral
displacements with the increase in PGV levels. Considering the fairly good correlation of
PGV with earthquake magnitude, which is an important parameter in seismic hazard analysis,
together with this information it can lead to a conclusion that PGV intensity measure can be
a refined predictor of deformation demand on structures. The dependence of these conclusions
on the selected bin size is addressed in Figure 3 by repeating the same computations for alter-
native ground-motion bins. Using 30 cm/s as the limiting PGV value, the first alternative bin
consists of 31 records with PGV <30 cm/s whereas the second alternative bin is assembled
by the remaining 29 records with PGV >30cm/s. The mean Sy curves for constant u and R
levels in Figure 3 also show a consistent increase with increasing PGV levels. Comparisons
between Figures 2 and 3 also reveal that PGV <30 cm/s bin yields mean Sy values larger
than those computed for the PGV <20cm/s bin. Similarly, mean Sy values pertaining to the
PGV >30cm/s bin are larger than the ones presented for the 20 cm/s <PGV <40 cm/s bin.
It is noted that mean non-linear deformation demand variation for different PGV levels in
Figures 2 and 3 is not the same for constant p and R spectra. This is due to the underly-
ing deformation demand computation principles for constant ductility and normalized strength
ratio. The constant ductility deformation demands are calculated for a limiting displacement
ductility ratio whereas the computed deformation demands are not restrained in constant R
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Figure 3. Effect of PGV on constant x4 and R displacement spectra for alternative bin sizes.

spectra. As the periods shift towards shorter spectral regions, the deformation demands change
substantially at different levels of the normalized strength ratio R. This should be a serious
concern for the seismic performance assessment of existing structures prone to ground motions
with high velocity.

Another important observation from Figures 2 and 3 is the sensitivity of 7, for the ‘equal-
displacement’ rule. The previous research showed that 7. strongly depends on the site con-
ditions (e.g. References [11, 15, 16]), however, based on the fairly similar site conditions for
the ground motions presented, the results of this study have revealed that PGV itself is also
an effective parameter to account for the changes in 7,. In Figure 2 the corner period for
the highest PGV bin (i.e. records with 40 cm/s <PGV <60 cm/s) is approximately 2.5 times
larger than the corner period of the ground-motion bin with PGV <20cm/s both for displace-
ment ductility and normalized strength deformation demands. It should also be noted that the
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variation of T, differs for constant x4 and R displacement spectra. The corner periods for con-
stant ductility deformation demands are relatively shorter than those of the constant strength
deformation demands at all PGV levels. The observations on the sensitivity of ground-motion
frequency content to PGV that is discussed in the previous section and the variation of 7,
with respect to different PGV levels are complementary features of PGV suggesting its con-
sideration as a fairly effective intensity measure for the deformation demand on structures.
An independent ground-motion data set from the 1994 Northridge earthquake is used to
verify the above remarks on the sensitivity of SDOF deformation demands to PGV that are
described by using the particular ground-motion ensemble in this study. Figure 4 displays the
mean PGA and PGV contour maps for the horizontal ground motion components of the 89
recording stations deployed around the Los Angeles metropolitan area that were triggered dur-
ing the 1994 Northridge earthquake. The locations of the recording stations are shown by dark
square boxes on these maps. Similar to the ground motions used in this study, these records
have been downloaded from the COSMOS Virtual Data Center. The figure also presents the
mean spectral displacement contours of the same horizontal components computed at par-
ticular periods (7=0.3, 0.5, and 1.0 s) for normalized strength ratios R=2, 4, and 8. The
spectral displacements are computed using the elastoplastic hysteretic model. The selected
periods fairly cover the spectral range where the spectral displacements are sensitive to the
changes in R as discussed in Figures 2 and 3. This way the variation of S; as a function
of PGA or PGV can be observed in detail that would also yield a better comparison for
the sensitivity of deformation demands to these alternative IMs. The spectral displacement
contour maps are organized such that the pertinent maps for each particular period are pre-
sented row-wise whereas the column-wise spectral displacement maps correspond to different
R values. The darker contours indicate higher mean peak ground values and spectral displace-
ments. The contours are divided into equal number of intervals in each map to facilitate the
comparisons between these two alternative IMs and the SDOF deformation demands. A better
colour match between a peak ground value map and the spectral displacement maps would
be the indication of deformation demand sensitivity to that IM. The comparisons between the
mean PGA and spectral displacement contour maps show that at very short periods and low
R values (i.e. short and stiff structures with relatively higher lateral strength capacities), the
deformation demands resemble a good match for sites where mean PGA becomes maximum.
The agreement between mean PGA and Sy diminishes as the inelastic level increases and the
vibration period shifts to longer values. In particular, for 7>0.5s and R >4, the deformation
demands reach their maxima for sites where mean PGA attains relatively moderate values.
This phenomenon is also observed for 7>0.3 s and R>4 (i.e. short and stiff structures with
relatively lower lateral strength capacities) where sites with high deformation demands do not
agree with the sites that experience very large ground acceleration. The comparisons between
the mean PGV and spectral displacement contours reveal a fairly good overall agreement with
respect to the performance of PGA. In particular, the contour maps of mean PGV and spectral
displacements correlate well for higher inelastic levels (i.e. higher R values). The agreement
between PGV and spectral displacements is more notable as the vibration period attains larger
values. As a matter of fact, similar spectral displacement contour maps at higher periods show
a very good correlation with the changes in PGV intensity that fortifies this observation. The
sensitivity of deformation demands to PGV is also comparable to the performance of PGA
for short-period oscillators with high lateral strength capacities (e.g. R=2, T=0.3 and 0.5s
cases in Figure 4). In brief, the discussions based on this independent ground-motion data set
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Figure 4. Contour maps for mean horizontal PGA, PGV and corresponding mean inelastic spectral
displacements at different periods and R values for the 89 records of the 1994 Northridge earthquake.

also suggest that the overall SDOF deformation demands are more sensitive to the changes
in PGV as documented in detail in Figures 2 and 3 using the ground-motion data set of

this study.
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4.2. Period-dependent correlation of PGV with SDOF deformation demands at different
inelastic levels

Using the ground motions presented in this study, the consistency of above observations is
tested more comprehensively by computing the period-dependent correlation coefficients (p)
of PGV for the spectral displacements at different 1 and R levels ranging from 1 to 8. Given
the pre-defined level of u or R, the correlation coefficient between spectral displacement Sy(75;)
and PGV at period T; is calculated for a spectral period range of 0.1-4.0 s. Similar corre-
lation coefficients are also computed for PGA, PGV/PGA ratio and S, in order to have a
fair opinion on the limitations of PGV as an IM on SDOF deformation demands. As sum-
marized in the introductory section, PGA and S, are widely used IMs in probability-based
damage assessment procedures whereas the PGV/PGA ratio is an important ground-motion
parameter in various simplified procedures to represent the ground-motion frequency content.
This ratio is also introduced as a stable ground-motion parameter correlating well with the
non-linear maximum SDOF deformation demands [40]. The comparative results are presented
in Figure 5 in which the first column displays the period-dependent correlation coefficients
for constant ductility Sg(7;) and the second column gives the same information at differ-
ent R levels. The non-linear maximum SDOF deformation demands are computed using the
elastoplastic hysteretic model. The results indicate that the PGV intensity measure has signif-
icantly higher correlation with spectral displacements at all u and R levels except for very
short periods when compared to the performance of PGA and PGV/PGA intensity measures.
The peak ground acceleration reveals a good correlation at very short periods for structures
behaving elastically or almost responding in the elastic range. As the level of inelastic defor-
mation increases and the period shifts towards larger values, PGA correlates poorly with the
SDOF deformation demand. These comments follow a similar pattern to the ones made for
Figure 4. The period-dependent correlation coefficients of PGA also show a more dispersive
behaviour for SDOF deformation demands of constant R. The peak ground velocity to accel-
eration ratio shows a fairly good correlation with SDOF deformation demands when vibration
periods are longer than 1.0 s. The correlation is still lower than those of PGV and the use
of this particular intensity measure for periods shorter than 1.0 s might result significantly
poor and deceiving relations for the assessment of deformation demands on SDOF systems.
Similar to the remarks made for PGA the correlation coefficients computed for the PGV/PGA
ratio display more scatter for SDOF deformation demands of normalized strength ratio R.
The spectral acceleration resembles significantly good correlations with SDOF deformations
computed for constant displacement ductility ratios. The correlation coefficients take relatively
smaller values as the level of u increases and when the period shifts towards shorter spectral
regions. Nevertheless, they still agree well with the SDOF deformation demands and yield
better results with respect to those computed for PGV particularly at periods of vibration less
than 0.3 s and greater than 3.0s. The fairly good performance of S, is not observed when the
deformation demands are computed for normalized strength ratio R. The correlation between
S, and SDOF deformation demands reduces significantly in this particular case especially at
shorter periods with increasing levels of R. It should be noted that S, as an intensity mea-
sure gives one-to-one correlation with elastic SDOF deformation demands regardless of the
period of vibration; an expected phenomenon due to their direct relation with each other (i.e.
S, =4n?/T? x Sq4. where Sde 1s the maximum elastic SDOF deformation demand). The sta-
tistical results highlighted in Figure 5 conclude that the observations made on PGV in the
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Figure 5. Period-dependent correlation of PGV, PGA, PGV/PGA
and S, with SDOF deformation demand.

previous sections are consistent for the non-linear SDOF deformation demands. Both PGA
and PGV/PGA ground-motion parameters have limitations in reflecting the actual variation
in deformation demand level when compared to the performance of PGV. Moreover, PGV
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Figure 6. Dispersion on Cr conditioned to PGV and S,.

draws a more stable correlation with deformation demands as compared to S,, especially for
inelastic, short-period structures. Thus, the intensity measure PGV is more competent with
respect to these alternative IMs for seismic design and performance assessment of structures
using SDOF response.

4.3. Effect of PGV in reducing the dispersion about the central tendency of SDOF
deformation demancds

Figure 6 shows the role of PGV on the uncertainty associated with the SDOF deformation
demands due to record-to-record variability. The plots in Figure 6 present the comparative
dispersion statistics of Cy (maximum inelastic to elastic SDOF deformation ratio for con-
stant R levels [16]) conditioned to PGV and S, to evaluate the efficiency of these two IMs in
reducing the dispersion around the central tendency of DM. Based on the correlation statistics
presented in Figure 5, S, proves to be as competent as PGV in capturing the variation in
SDOF deformation demands at different inelastic levels. The dispersions are computed fol-
lowing the ‘direct method’ procedure described in Reference [21]. This method measures the
second moment of actual Cr around the average curve obtained from linear regression in
log—log space between Cp and the intensity measure under consideration. For a particular
period T;

E[In(Cg)[IM] = In(a) + b In(IM) (1)

computes the expected values of Cr where the regression constants ¢ and b are computed
from linear regression analysis in log—log space. The second moment of actual Cy values is
given by

\/ SRR IM"))? o

Oln Cp|IM =

where k is the total number of data points, which is 60 for this study at each particular
period 7;. Equations (1) and (2) are repeated for specific oscillator periods ranging from 0.1
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to 4.0 s with increments of 0.05s. The results presented in Figure 6 reveal that PGV and S,
yield comparable performance for spectral periods approximately greater than 0.5 s and for
all R values presented. However, the efficiency of S, in reducing dispersion with respect to
PGV loosens for periods less than 0.5s and particularly when normalized strength ratios attain
larger values. These observations are parallel to the discussions concerned on S, and PGV
that are presented in Section 4.2. A similar observation about the efficient role of PGV in
reducing the dispersion around the central tendency of SDOF deformation demands is used
by Akkar and Miranda [41] to propose a simplified procedure for the deformation demand
estimation of short-period SDOF systems.

The measure of dispersion presented in Equations (1) and (2) is not the most appealing
method as indicated in Reference [21]. However, it can still provide valuable information in
a comparative manner for PGV and S, intensity measures in reducing the dispersion on the
mean SDOF deformation demands. A more elaborate method for this purpose is also presented
in Reference [21] by means of the Total Probability Theorem.

4.4. Effect of PGV on stiffness degrading hysteretic behaviour

Previous studies concluded that unless dominant strength deterioration is exhibited by the
hysteretic model, the deformation demands computed by the elastoplastic hysteretic model
describe an upper bound for general non-linear behaviour [7, 11,42]. This observation is ex-
plored in terms of PGV as the studies cited above described their results for ground motions
classified for a specific site or the records were chosen randomly to see the diverse effect of
ground motions on structural response. Figure 7 shows the PGV effect on the variation of
SDOF deformation demands for different hysteretic models by computing the period-dependent
maximum deformation ratios of elastoplastic hysteretic model to those of the modified Clough
and modified Takeda models (typical stiffness degrading models with no strength deteriora-
tion). The first row in Figure 7 presents the period-dependent mean variation of this ratio
for the modified Clough model at different levels of ;1 whereas the second row shows the
same information for modified Takeda in terms of normalized strength values. The plots in-
dicate that the deformation demands on SDOF systems due to different hysteretic models are
sensitive to the changes in PGV level. On average, deformation demands computed by the
non-degrading elastoplastic model are significantly higher than those of the modified Clough
and Takeda for the ground-motion bin with PGV <20cm/s. The exception is periods of vibra-
tion less than 0.5s where the deformation demands computed by modified Clough and Takeda
models take larger values with respect to the elastoplastic model. This observation is valid
for the modified Takeda model at all levels of R whereas the SDOF deformation demands
by modified Clough are greater than those of the elastoplastic model only for large values
of u. The increase in PGV level decreases the dominancy of inelastic deformation demands
computed by the elastoplastic model. On an average, the oscillator deformations computed
by the non-degrading elastoplastic model are still higher than those computed by the stiffness
degrading models for periods larger than 1.0 s. However, the deformation demands computed
by the stiffness degrading models attain larger values with respect to those of elastoplas-
tic behaviour for periods approximately less than 1.0 s especially when PGV >40 cm/s. The
larger short-period deformations due to stiffness degradation with respect to non-degrading
elastoplastic behaviour are more notable for the modified Takeda model and normalized
strength ratio R. This observation indicates that the generic use of the elastoplastic model
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Figure 7. Period-dependent maximum SDOF deformation ratios of non-degrading (elastoplastic) to
stiffness degrading (modified Clough and Takeda) hysteretic models at different PGV levels.

to represent the deformation demands at short-period SDOF systems might be misleading
particularly when the structural behaviour is represented by the modified Takeda model. The
spectral region where the modified Takeda displacements govern to those of the elastoplastic
model widens towards longer periods as PGV and level of inelasticity increase.

5. SUMMARY AND CONCLUSIONS

Salient features of PGV intensity measure are examined for non-linear deformation demands
on SDOF systems and for some specific ground-motion features that can be effective in
structural response. A total of 60 soil site records with 2.5km<d <23 km and 5.5<M<7.6
is divided into three equal sub-groups covering PGV intervals of less than 20, 20-40 and
40-60 cm/s to achieve the objectives in this study. The records do not exhibit pulse signals
that are mostly observed in the near-fault records with forward directivity. This is to prevent
biased results due to the particular pulse effect on structural response and ground-motion
parameters. Therefore, the results and conclusions of this study are not applicable to such
ground motions. The non-linear response history analyses are conducted using non-degrading
and stiffness degrading hysteretic behaviours for constant p and R levels to have a broader
sense of understanding about the PGV influence on SDOF deformation demands.
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The results presented in this study indicate that the PGV intensity measure correlates well
with the earthquake magnitude, effective ground-motion duration and frequency content of
ground motions that can provide information for the variation of deformation demands on
SDOF systems. The increase in PGV values is associated with an increase in earthquake
magnitude and effective duration of records. The frequency composition of ground motions
systematically becomes richer in the long period range for increasing PGV.

The statistical results presented for the mean spectral displacements at different inelastic
levels show a consistently increasing trend for ground motions of higher velocity. This ob-
servation is re-confirmed through a totally independent ground-motion data set from the 1994
Northridge earthquake. The mean spectral displacement statistics at different PGV levels also
reveal that the spectral region where the inelastic deformations are significantly higher than
their elastic counterparts is sensitive to the amplitude of ground velocity. This spectral region
shifts towards longer periods with the increase in PGV. This observation might be a concern
for structures whose fundamental periods are within the bounds of this spectral region as they
would be more susceptible to structural damage due to the increased deformation demand
when they are subjected to higher ground velocity events. These remarks are compatible with
the comments made for the relationships between PGV and ground-motion parameters inves-
tigated within the context of this study and strengthen the conclusion that PGV is a proper
intensity measure candidate for deformation demands on SDOF systems. The validity of these
observations is also tested for PGA and PGV/PGA ratio by computing the period-dependent
correlation coefficients at different inelastic deformation levels. The comparisons of correlation
coefficients between PGV and these two alternative intensity measures once more highlight
the superiority of PGV with respect to these two IMs for the seismic design and evaluation
of existing structures that deform beyond their elastic limits. Similarly, correlation coeffi-
cients computed for spectral acceleration IM do not resemble a stable behaviour particularly
for deformations demands computed for R>1.5 when compared to the general performance
of correlation coefficients computed for PGV. The dispersion statistics also reveal a better
performance of PGV with respect to S, particularly when the short-period SDOF demands
are conditioned on PGV rather than on S,. The comparative statistics based on the ratios of
stiffness degrading hysteretic models to elastoplastic (non-degrading) model showed that the
generic use of elastoplastic behaviour in representing the overall SDOF deformation demands
should be done with caution by considering the level of PGV especially for short-period struc-
tures to prevent undesirable results on structural performance. In brief, future seismological
and engineering research on seismic hazard assessment and performance-based seismic design
can make use of this IM for more elaborate procedures to assess the seismic vulnerability of
structures in earthquake prone zones.
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