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Abstract This study focuses on the characteristics of near-fault ground motions in the
forward-direction and structural response associated with them. These ground motions are
narrow-banded in nature and are characterized by a predominant period at which structures
excited by them are severely affected. In this work, predominant period is defined as the
undamped natural period of a single-degree-of-freedom (SDOF) oscillator at which its 5%
damped linear elastic pseudo-spectral velocity (PSV) contains a clear and dominant peak. It
is found that a linear relationship exists between predominant period and seismic moment.
An empirical equation describing this relationship is presented by using a large set of accel-
erograms. Attenuation equations are developed to estimate peak ground velocity (PGV) as a
function of earthquake magnitude and source-to-site distance. In addition, a predictive equa-
tion for spectral shapes of PSV (i.e., PSV normalized by PGV) is presented as a continuous
function of the undamped natural period of SDOF oscillators. The model is independent of
PGV, and can be used in conjunction with any available PGV attenuation relation applica-
ble to near-fault ground motion exhibiting forward-directivity effects. Furthermore, viscous
damping of the SDOF is included in the model as a continuous parameter, eliminating the use
of so-called damping correction factors. Finally, simple equations relating force reduction
factors and displacement ductility of elasto-plastic SDOF systems are presented.
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1 Introduction

Near-fault ground motions are known to be a potential cause of severe damage to engineering
structures. They usually carry a strong long-period pulse in their velocity records. Directivity
effects (see Somerville et al. 1997) and permanent displacement effects (see Abrahamson
2000) have been identified as the most common features of near-fault ground motions. This
study is focused on forward-directivity effects in the near-fault region and characterization
of elastic as well as inelastic response of single-degree-of-freedom (SDOF) systems.

After the devastating effects of the 1994 Northridge, California, earthquake, simulation
of near-fault ground motions and their use in studying structural response gained widespread
attention. A primary motivation was the observation that dominant pulses in the velocity
records of near-fault ground motion resembled simple waveforms which could be represented
by analytical expressions. Many engineers and researchers have used simple waveforms to
represent typical velocity pulses observed in near-fault regions. Commonly used waveforms
range from simple triangular pulses, square waves, and sinusoidal waves to wavelets of dif-
ferent types. Models proposed by Anderson et al. (1999), Heaton et al. (1995), Makris (1997),
Alavi and Krawinkler (2000, 2004), Mavroeidis and Papageorgiou (2003), and Baker (2007)
are some examples.

The most important parameters of these models are related to the amplitude and frequency
of the velocity pulse. The amplitude of the pulse is representative of the peak ground velocity.
Different authors have defined the pulse period in different ways. Nevertheless, they have all
found that the pulse period is linearly related to the seismic moment. It has also been found
that the pulse period is closely related to the SDOF period where PSV attains its maximum
value. If the pulse were a simple harmonic with infinite duration, the peak of PSV would
occur exactly at the pulse period. However, near-fault velocity pulses are of finite duration,
defined by the pulse period and the number of half-cycles. Because of this, the period at
which PSV is the maximum is a fraction of the pulse period, where the fraction depends on
the number of half-cycles of the pulse. Apart from this, the presence of other components of
ground motion not associated with the pulse itself can also cause the PSV to peak at a period
different than the pulse period.

The objective of the present paper is to throw light on some of the characteristics of
near-fault ground motions and structural response associated with them. We emphasize that
the most important characteristics of forward-directivity motion in near-fault areas are peak
ground velocity and frequency content. In most models of velocity pulses mentioned above,
frequency content is represented by pulse period. However, we quantify the predominant fre-
quency by the period where the PSV of a 5% damped linear-elastic oscillator contains a clear
and dominant peak. We present robust empirical equations to estimate PGV and predominant
period from earthquake size, source-to-site distance and other relevant parameters. We then
discuss salient features of elastic response spectra of SDOF systems subjected to near-fault
ground motions. We present analytical equations of PGV-normalized PSV (termed here as
spectral shapes) as a continuous function of the SDOF period and its level of viscous damp-
ing. Finally, characteristics of inelastic response are studied, and equations relating strength
reduction factors to displacement ductility of elasto-plastic SDOF systems are presented.

2 Near-fault strong-motion data

Strong-motion data used in this study consist of acceleration records obtained from 29 dif-
ferent earthquakes. In total 93 records are analyzed, the details of which are presented in
Table 8 in Appendix 2.
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2.1 Data source

The data listed in Table 8 are collected from different sources. Most of the accelerograms
are obtained from the NGA database (see Power et al. 2006), along with their associated
metadata. Strong-motion records of the 17 and 21 June 2000 earthquakes and the 29 May
2008 Ölfus earthquake in South Iceland were obtained from the ISESD (Internet Site for
European Strong-Motion Data) website (Ambraseys et al. 2004). The waveform for WID 90
(EERC basement, see Table 8) was obtained from the database of Earthquake Engineering
Research Center, University of Iceland. Metadata related to the records of Icelandic earth-
quakes were calculated based on several publications, including Sigbjörnsson and Ólafsson
(2004), Halldórsson et al. (2007), and Sigbjörnsson et al. (2009). Accelerograms of the 2004
Parkfield earthquake were obtained from CISN (California Integrated Seismic Network) data-
base. In calculating the metadata for records from this earthquake, various publications were
considered, including Shakal et al. (2005), Langbein et al. (2005), Liu et al. (2006), Dreger
et al. (2005), and Kim and Dreger (2008). Accelerograms at AQK station during the 2009
L’Aquila earthquake were obtained from the online database of the Italian accelerometric
network (Luzi et al. 2008). Since we are primarily concerned with forward-directivity effects
in this study, permanent displacements (if any) in the ground motion records were removed
by subtracting a half-sine pulse from the acceleration records, which was scaled to match
permanent displacements computed by a procedure described in Rupakhety et al. (2010).

2.2 Description of metadata

Various parameters of strong-motion records listed in Appendix Table 8 were collected/com-
puted from different sources. Each record is uniquely identified by its waveform identification
number (WID. Records generated by the same earthquake share a common earthquake iden-
tification number (EID). The location of an earthquake, the date when it occurred, and
the station recording the waveform are also listed. Station names reported in Mavroei-
dis and Papageorgiou (2003) are indicated by abbreviation only, whereas other station
names are shown in full. Faulting mechanism, earthquake magnitude (only moment mag-
nitude used in this work), and the component of ground motion being considered are
reported along with the peak ground velocity. Different distance metrics are reported,
including epicentral distance

(
repi

)
, and Joyner and Boore distance. Hypocentral depth

is also reported when available. The length of fault between station and hypocenter (s)
and the width of fault between station and hypocenter (d) are also presented. In addi-
tion, isochrone velocity ratio as defined by Spudich et al. (2004) is listed for records
where it could be computed. Average shear wave velocity in the upper 30 m of the
crust

(
vs,30

)
is also provided. Velocity profiles at the stations recording Icelandic earth-

quakes are not available, and vs,30 for these stations are based on their Eurocode 8 (CEN
2004) classification. Parameters that could not be reliably estimated are indicated as ‘NA’.
Figure 1 shows the distribution of data with respect to magnitude, distance, and faulting
mechanism. The distance measure is selected as rJB where available. In case this measure is
not available, repi is used. Stations within 30 km from the source are considered.

3 Relationship between predominant period and seismic moment

Predominant period (Td) in this work is defined as the period where 5% damped linear-elastic
PSV reaches its peak value. If more than one peaks of comparable amplitude exist, then the
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Fig. 1 Distribution of data with respect to magnitude, distance, and the faulting mechanism

longest period is considered. The period of the velocity pulse is related to Td . On average, the
pulse period is about 84% of Td (Bray and Rodriguez-Marek 2004). An advantage of using
Td is that, unlike pulse periods used in many simple pulse models, it can be unambiguously
estimated. Since pulse period has been found to scale linearly with seismic moment, similar
scaling for Td is expected. The relationship between Td and Mw is modelled by

log (Td) = αMw + β + ε (1)

where α, and β are model coefficients determined by regression analysis; and ε is a Gauss-
ian-distributed random variable with zero mean and standard deviation σ . The model of Eq. 1
was calibrated by using least squares regression. Records corresponding to sites having vs,30

less than 240 m/s are not considered in regression analysis. The predominant periods related
to directivity pulses are generally greater than 0.5s. In order that the soil response does not
distort the characteristics of directivity pulses, we require the vibration period of the soil to
be less than 0.5s. Using the quarter wavelength principle, and considering the upper 30m of
the crust, the corresponding shear wave velocity is 240 m/s. The record from COG station of
the 1991 Sierra Madre earthquake is of low quality, and could not be processed with confi-
dence. Therefore, this record is not considered in regression analysis. Furthermore, the record
from Parachute test site of the 1981 Westmorland earthquake, and the record from Petrolia
station of the 1992 Cape Mendocino earthquake contain multiple peaks in their response
spectra, making it difficult to identify Td with confidence. These records are not considered
in regression analysis. The regression parameters were found to be α = 0.47, β = −2.87,
and σ = 0.18. Applying the maximum likelihood regression of Joyner and Boore (1993),
we did not observe significant difference in the regression parameters for this dataset.
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Fig. 2 Scaling of Td withMw . The Solid line is the mean value of a least squares line fitted to the data, while
the dashed lines correspond to mean±2σ

The regression line and data points are presented in Fig. 2. The mean value predicted by
regression is shown with the solid line, while dashed lines correspond to mean ± 2σ levels.
The distribution of ε is compared with a standard normal distribution in the small inset in the
top-left corner of Fig. 2. Somerville et al. (1999) argue that self-similar scaling relationships
constrain fault parameters. Such scaling implies that the period of predominant velocity pulse
is two times the rise time of slip on the fault. This requires that the coefficient α be equal
to 0.5. The coefficient obtained by us is 0.47, which is fairly close to 0.5, and indicates that
if self-similar scaling is invoked, the definition of predominant period used by us can be
considered as an efficient and unambiguous measure of the pulse period.

4 Attenuation equation for PGV

Empirical relations describing PGV as a function of earthquake magnitude, source-to-site
distance and other parameters, such as faulting mechanism and site conditions, are abun-
dant in the literature (see Bommer and Alarcon 2006). However, few relations have been
developed especially for near-fault conditions with forward rupture-directivity effects. One
of the first attempts was made by Somerville (1998), called S98 hereafter, who assumed that
PGV varies with the square root of the closest distance to fault for stations located at least
3 km away from the fault. Bray and Rodriguez-Marek (2004), called B&R-M04 hereafter,
emphasized the need to predict PGV at distances closer to the fault than 3 km as well, and
used a simple functional form to perform regression analysis of PGV data against earthquake
magnitude and the closest distance to rupture.
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4.1 Attenuation model

The basic functional form adopted in this study is similar to the one used by B&R-M04 and
is mathematically expressed as

log
(
PGVij

) = a + bMw + c log
(
R2 + d2) + ηi + εij (2)

where PGVij is the PGV of the j th recording from the i th event; Mwis the moment magnitude
of event i; R is the distance (measured in km) of the j th recording obtained from the i th event;
a, b, c, and d are regression parameters; and ηi and εij represent inter- and intra-event varia-
tions. The error terms ηi and εij are assumed to be independent, normally-distributed random
variables with variances σ 2

1 and σ 2
2 , respectively. The total standard deviation associated with

estimated PGV can be computed from the following equation.

σt =
√
σ 2

1 + σ 2
2 (3)

For distance measure R, we use rJB when rupture model is available and repi otherwise.
Furthermore, we select only those stations within 30 km from the source. The data from
COG station of the 1991 Sierra Madre earthquake is excluded in regression due to the rea-
sons explained in Sect. 3 above. In addition, data obtained at sites with vs,30 less than 240
m/s are excluded. This implies that the results obtained are applicable to those sites where
significant soil effects are not expected. The decision to exclude soft soil data from regres-
sion was made because we found that the data was not sufficient to reliably constrain the soil
effects by using site coefficients (or νs,30) in the regression model. We use base 10 logarithms
throughout this work. The model of Eq. 2 was calibrated by using the maximum likelihood
method of Joyner and Boore (1993). Regression constants and associated values of standard
deviations are shown in Table 1. It was found that the magnitude coefficient b is very small,
indicating that PGV is almost magnitude-independent in the near-fault region. Magnitude
scaling obtained by us is much weaker than that obtained by S98 and Alavi and Krawinkler
(2000), called A&K00 hereafter. B&R-M04 also observed that their magnitude scaling was
weaker, and their magnitude scaling parameter, b, in base 10 logarithmic units, is 0.15, which
is close to our results.

Figure 3 compares PGV data with the model of Eq. 2 and model parameters of Table 1.
For comparing attenuation of PGV with distance, we normalize observed PGV with a mag-
nitude-scaling term (magnitude-normalized). For comparing scaling of PGV with magni-
tude, we normalize observed PGV with distance (distance-corrected). In Fig. 3a, attenuation
of magnitude-corrected PGV is plotted against model prediction. It is seen that the model
captures attenuation of PGV with distance reasonably well. Figure 3b shows scaling of
distance-corrected PGV with magnitude. A quadratic magnitude term was added to the model
of Eq. 2. This resulted in decrease of PGV at magnitudes larger than 7.0. To avoid this effect,
we constrained the model in such a way that the magnitude scaling term becomes a constant
at a certain magnitude, which was determined iteratively to ensure continuity. The final model
is of the following form.

Table 1 Regression coefficients
for the model of Eq. 2

a b c d σ1 σ2 σt

0.98 0.13 −0.10 0.66 0.099 0.132 0.17
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Fig. 3 Comparison of the model of Eq. 2 with the data. (a) Attenuation of magnitude-corrected PGV with
distance. (b) Scaling of distance-corrected PGV with magnitude

Table 2 Regression coefficients
for the model of Eq. 4

a b c d e Msat σ1 σ2 σt

−5.17 1.98 −0.14 −0.10 0.75 7.0 0.081 0.135 0.16

log
(
PGVij

) =
{

a + bMw + cM2
w + d log

(
R2 + e2

) + ηi + εij if Mw ≤ Msat

a + bMsat + cM2
sat + d log

(
R2 + e2

) + ηi + εij otherwise
(4)

The results of regression analysis are shown in Table 2, and the comparison of data with
the model is shown in Fig. 4. In the legend of Fig. 4, F (Mw) is the magnitude term of Eq. 4,
which is equal to a + bMw + cM2

w for Mw ≤ Msat and a + bMsat + cM2
sat otherwise. With

the modified model, the standard deviation of residuals is slightly reduced. It should be noted
that the use of the model for magnitudes below 5.5 is not recommended.

4.2 Directivity predictor

Another important aspect we investigate in this work is the effect of directivity. A parameter
to quantify the amount of directivity at a given station for a given event is required. Somerville
(2000) proposed the ratio of the length of fault between site and hypocenter and the site azi-
muth as a measure of directivity. Spudich et al. (2004) showed that the isochrone velocity
ratio (i.e., average isochrone velocity normalized by shear wave velocity) behaves similarly to
the directivity parameters of Somerville (2000). Isochrone velocity ratio c̃ was computed for
most of the stations used in this study. For those records, where reliable information regard-
ing the rupture surface is not available, c̃ cannot be estimated. In a recent study Spudich and
Chiou (2008), called S&C08 hereafter, proposed a directivity predictor, based on isochrone
velocity ratio and hypocentral radiation pattern. We attempt to apply their idea in our attenua-
tion model of PGV. The directivity predictor we use is designated D P (directivity predictor)
and is given by
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Fig. 4 Comparison of the model of Eq. 4 with data. (a) Attenuation of magnitude-corrected PGV with distance.
(b) Scaling of distance-corrected PGV with magnitude

D P = C S� (6)

C = min (c̃, 2.45)− 0.8

2.45 − 0.8
(7)

S = log [min (75,max (s, d))] (8)

where s and d are as defined in Sect. 2.2, c̃ is isochrone velocity ratio as defined above,
and � is scalar radiation pattern amplitude, as defined in S&C08. We use strike-normal or
strike-parallel hypocentral radiation pattern with a water level of 0.2 at the nodes, depending
upon which component is being considered. For further details on radiation patterns and the
reasoning behind Eqs. 6–8, readers are referred to S&C08.

We found that the effect of � in the directivity predictor is not significant. At sites very
close to the fault, the radiation is dominated by a small area of the fault closest to the station.
This might be the reason why the radiation pattern based on the hypocenter is not correlated
strongly to PGV data being considered here, which come predominantly from stations within
a few kilometers from the fault. Therefore, we drop the term � in Eq. 6.

Figure 5 shows the correlation between the directivity predictor D P = C S and the resid-
uals of the model presented in Eq. 4. It can be seen that the correlation is very weak. The
correlation coefficient was found to be 0.05. The correlation was found to increase to a max-
imum value of 0.1 when the number ‘2.45’ in Eq. 7 was changed to 1.75. Changing the
capping distance, used as 75 km in Eq. 8, did not result in an improved correlation between
the directivity predictor and the residuals. Given such weak correlation, we judge that adding
the directivity term in the model does not result in an improvement of the model.

These results indicate the limitations of the directivity parameter being considered, how-
ever, a general conclusion about their usefulness should not be drawn only based on these
results, which are obtained from a limited amount of data. It is also to be noted that the
directivity parameter considered here is based on average isochrone velocity. While c̃ could
be modified to the actual isochrone velocity closest to station instead of the average isochrone
velocity over the rupture area, such an approach is helpful only if the rupture process is well
understood. For future predictions, the heterogeneity of slip (amplitude and velocity) over
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the rupture area is impossible to predict with the current state of knowledge; thus, using the
exact isochrone velocity is of little use.

4.3 Comparison with other attenuation models

In Fig. 6 we compare the model of Eq. 4 and the associated parameters of Table 2 with mod-
els proposed by B&R-M04, S98, A&K00, and Halldorsson et al. (2010), hereafter called
HM&P10. These authors use the closet distance to rupture as their distance metric. For com-
paring their model with ours, we assume a vertical strike-slip event. The thick black line
in Fig. 6 corresponds to the mean prediction of the proposed model, while upper and lower
fractals with 2 standard deviations are shown by black dashed lines. Circles indicate observed
values of PGV. PGV corresponding to all magnitudes are shown, and the model predictions are
computed at magnitude 6.6, which is also the mean magnitude of our data. The mean predic-
tion of B&R-M04 is shown with the solid blue line. The dashed red line, the dashed blue line,
and the solid red line represent mean predictions of S98, A&K00, and HM&P10, respectively.

We note that the magnitude scaling parameters of A&K00 and S98 are high, and our data
do not support such a strong magnitude dependence of PGV. On the other hand, magnitude
scaling is zero in HM&P10. The attenuation of PGV above distances greater than 7 km is
very fast in the Model of Bray and Rodriguez-Marek. Fast attenuation in HM&P10’s model is
related to their functional form. In their model, PGV attenuates exponentially with distance.
Such exponential attenuation is not supported by our data, as shown in Fig. 6.

5 Elastic response spectra

Earthquake response spectra, first introduced by Biot (1933), are widely used for designing
and assessing structures subjected to strong ground motion. Following the works of Housner
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(1959) and Newmark et al. (1973), it has become a standard tool to characterize impor-
tant features of earthquake accelerograms and to evaluate structural response to earthquake-
induced ground shaking. Modern design codes for earthquake resistance specify seismic
action on structures in terms of design spectra, a statistical representation of response spectra
constructed from accelerograms recorded during past earthquakes. Because a majority of
accelerograms are recorded far away from causative faults, code-specified design spectra are
dominated by response spectra of ground motion in the far-fault region.

Accelerograms from large earthquakes in the recent past have shown that response spec-
tra of near-fault ground motions, mainly of those affected by forward-directivity effects, are
different from those of far-fault ones. One of the characteristic differences between the two is
the narrow-banded spectral structure of the former. Response spectra of forward-directivity-
affected near-fault ground motion exhibit spectral peak values in a narrow band of periods
near the predominant period of ground motion. Predominant period increases with increasing
earthquake magnitude, as discussed in Sect. 3. Such magnitude scaling has two important
implications for elastic response spectra. First, the acceleration response of moderate-to-large
earthquakes is stronger than that of large earthquakes in the high-frequency region; the trend
being reversed at longer periods. Second, peak spectral accelerations of moderate-to-large
earthquakes are larger than those of very large earthquakes (Somerville 2000; Mavroeidis
et al. 2004).

The differences in the response of structures to near-fault and far-fault ground motions
imply that design spectra, derived from more far-fault accelerograms than near-fault ones, are
biased. They are not capable of capturing the impulsive nature of near-fault ground motion
and often lead to unreliable estimates of seismic action on engineering structures located
near an earthquake fault. Therefore, it is essential to develop design spectra specifically
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suitable for ground motion in the near-fault area. One of the first systematic efforts was
made by Somerville et al. (1997). They proposed broad-band amplification factors for spec-
tral ordinates of ground motion prediction models. The narrow-banded nature of pulse-like
ground-motion, however, suggests that a more accurate model would amplify spectral accel-
erations only in a narrow spectral band close to the predominant period of ground motion.
We also note that most ground-motion prediction models are not exclusively based on non-
pulse-like ground motion. Their calibration is usually performed by using pulse-like as well
as non-pulse-like ground motion. Amplification factors for existing ground motion predic-
tion models would be more meaningful if they were calibrated only from non-pulse-like
ground motions. In this study, we develop response spectral model applicable strictly to near-
fault ground motion exhibiting forward-directivity effects. The proposed model is based on
recorded accelerograms within 30 km from the fault generated by earthquakes ranging in
magnitude between 5.5 and 7.6. This model should not be extrapolated in terms of earthquake
magnitude or source to site distance.

5.1 Elastic response spectral shapes

In the following, the term ‘elastic spectra’ is used for under-damped linear elastic pseudo-
spectral velocity, PSV, and the term ‘spectral shape’ is used for PSV normalized by the peak
ground velocity, PGV. The predominant period (Td) is as defined in Sect. 3, and increases
with increasing earthquake magnitude. We present an illustration of this scaling effect on
spectral shapes in Fig. 7.
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Fig. 7 Spectral shapes of near-fault ground motion grouped into six magnitude bins. The range of magnitude
in each bin is shown above the plots. Grey lines are spectral shapes of individual accelerograms, while thick
black lines correspond to mean values. The dashed vertical line indicates the peak of mean spectral shape
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Table 3 Grouping of near-fault
records into different magnitude
bins

Bin Mw range No. of records

1 5.5 < Mw ≤ 6.0 14

2 6.0 < Mw ≤ 6.3 11

3 6.3 < Mw ≤ 6.6 8

4 6.6 < Mw ≤ 6.8 12

5 6.8 < Mw ≤ 7.3 8

6 7.3 < Mw ≤ 7.6 18

In Fig. 7, 5% damped spectral shapes are presented. Only those records included in
Mw − Td scaling presented in Sect. 3 are considered. To illustrate the effect of magnitude
on spectral shapes, ground motions are grouped into six distinct magnitude bins as indi-
cated in the figure. The bins are listed in Table 3 along with bin magnitude ranges and the
number of records falling into each bin. An ideal bin should be as narrow as possible to
represent the continuous nature of magnitude but near-fault ground motion records are not
abundant and bin classification is therefore dictated by lack of data. Due to this limitation,
we were forced to use non-uniform magnitude bins as shown in Table 3. One of the charac-
teristic features of spectral shapes presented in Fig. 7 is the narrow velocity-sensitive region.
Unlike far-fault spectral shapes, near-fault ones have relatively wider acceleration-sensitive
and displacement-sensitive regions but a narrower velocity-sensitive region. This narrow
velocity-sensitive region is where the peak of PSV generally occurs. The location of peak is
shifted to the right (longer periods) as earthquake magnitude increases. As is evident from
Fig. 7, peak locations vary from about 0.8 s to about 5.5 s for bins 1 and 6, respectively.
Careful examination of the spectral shape of bin 5 indicates an apparent contradiction, with
its peak occurring at a smaller natural period than that of bin 4. However, this bin shows
a wider velocity-sensitive region ranging from about 1 s to about 3 s with almost-constant
ordinates. The reason for this wider velocity-sensitive region is the relatively large size of this
bin (wider range of magnitudes), which could not be avoided due to the lack of data. It should
be noted that although bins 1 and 5 appear to have the same size as defined in Table 3, their
effective size are not the same. Bin 1 contains records from earthquakes having magnitudes
5.74 to 6.0, while Bin 5 contains records from earthquakes having magnitudes 6.8 to 7.28.

The magnitude dependence of spectral shapes observed in Fig. 7 is consistent with the
notion that larger earthquakes have a richer energy content in the long-period range. This
also implies that, at short periods, response spectra of moderate-to-large earthquakes in the
near-fault region are higher than those of large earthquakes. Figure 8 clearly demonstrates
this effect. Gray lines in the figure represent the PSV of ‘individual’ records. Solid and dashed
lines represent mean PSV of the first and the sixth bin, respectively. It is evident that smaller
earthquakes have, on average, higher spectral ordinates at short periods than the larger ones,
the trend being reversed at longer periods. In addition, peak amplitudes of average spectral
shapes of the two bins are comparable. This implies that peak response spectral ordinates of
small earthquakes are comparable to those of larger ones but occur at different periods. This
is a remarkable feature of the response spectra of near-fault ground motion. These proper-
ties of spectral shapes allow them to be modelled by simple continuous functions of Tn and
earthquake magnitude. In the following, we develop such a model.

5.2 Equations for elastic response spectra

In most modern applications, ground motion prediction equations (GMPEs) are used to obtain
elastic response spectra for design and risk assessment of structures. GMPEs for 5% damped
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Fig. 8 PSV of small and large
earthquakes. Solid and dashed
lines represent mean spectral
shapes of bin 1 and bin 6,
respectively

linear elastic PSA (pseudo spectral acceleration) at discrete values of Tn are abundant in the
literature. Some examples of such equations are Abrahamson and Silva (1997), Boore et al.
(1997), Sadigh et al. (1997), Ambraseys et al. (2005), Akkar and Bommer (2007) etc., more
recent ones being the Next Generation Attenuation (NGA) equations (see Abrahamson et al.
2008). A comprehensive report on ground-motion prediction equation is given in Douglas
(2003). Similar equations for inelastic response are given in Rupakhety and Sigbjörnsson
(2009a,b) and Bozorgnia et al. (2010). These conventional GMPEs are associated with a
matrix of model coefficients at discrete values of Tn .

A different approach to predicting spectral accelerations has recently been adopted by
Graizer and Kalkan (2009). They proposed ground-motion spectral shapes for 5% damped
PSA normalized by peak ground acceleration (PGA). Their spectral shapes are continuous
functions of Tn . Such an approach significantly facilitates implementing the model. Another
distinct advantage of this approach lies in the option to use spectral shapes in conjunction
with any attenuation model of PGA, thus allowing the use of various models of attenuation
relations to estimate response spectra.

We use a similar approach in developing spectral shapes for pulse-like ground motion. It
is assumed that spectral shapes depend on variables such as earthquake magnitude, source-
to-site distance, shear wave velocity at recording sites, basin effects, etc. For a description
of different factors controlling spectral shapes, readers are referred to Graizer and Kalkan
(2009). We assume that spectral shapes are predominantly influenced by magnitude of an
earthquake and do not consider distance dependence in the near-fault zone. Whereas Graizer
and Kalkan (2009) used PGA-normalized PSA as their spectral shapes, we consider PSV nor-
malized by PGV. This does not limit the applicability of the model developed herein because
PSV and PSA are related through Tn . Once spectral shapes are available, they can be scaled
with PGV to obtain PSV, which is easily converted to PSA. The attenuation relation of PGV
for ground motion records considered here has already been presented in Sect. 4.

5.3 Model function for spectral shapes

We use an empirical approach similar to that of Graizer and Kalkan (2009) in finding a
suitable function for spectral shape. The suggested model is defined by a sum of two func-
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tions -F1 (Tn,Mw) and F2 (Tn,Mw). Both of these functions are continuous with respect
to the oscillator period (Tn) for a given magnitude (Mw). The first function is a modified
‘log-normal type’ function and is mathematically expressed as

F1 (Tn,Mw) = I1 (Mw) exp

[

−0.5

{
ln (Tn)+ C (Mw)

W (Mw)

}2
]

Tn (9)

where I1 (Mw) controls the amplitude of this bell-shaped function, while its location and
scale are governed by C (Mw) and W (Mw), respectively. The second function, which is
a modified form of SDOF transfer function, is expressed by the following mathematical
equation

F2 (Tn,Mw) = I2 (Mw)

⎡

⎣
{

1 −
(

Tn

Tm

)θ}2

+ 4D2
m

(
Tn

Tm

)θ
⎤

⎦

−0.5

Tn (10)

where I2 (Mw) controls the overall amplitude of this function. This function is linearly
increasing at short periods and exhibits a bump peaking close to Tm-the amount of bump
is controlled by Dm . The rate of decay of F2 at long periods is controlled by θ . Both Dm

and θ depend on Mw. With magnitude dependence implied by binning, we drop Mw from
our equations with the understanding that the parameters are calibrated independently for
each magnitude bin. By summing F1 (Tn) and F2 (Tn), spectral shape for normalized PSV,
denoted by PSVn , is given by the following equation.

PSVn =
⎡

⎢
⎣I1 exp

{

−0.5

(
ln (Tn)+ C

W

)2
}

+ I2

⎧
⎨

⎩

(

1 −
(

Tn

Tm

)θ)2

+ 4D2
m

(
Tn

Tm

)θ
⎫
⎬

⎭

−0.5
⎤

⎥
⎦ Tn

(11)

5.4 Calibration of spectral shapes

The model spectrum, Eq. 11, is calibrated against the mean spectral shapes of different
magnitude bins. Non-linear optimization, and verification by visual inspection, is used in
estimating the parameters.

5.4.1 Model parameters

At the first step, the parameter θ is constrained. This parameter controls the slope of the spec-
trum at long periods. At long periods, the response spectra computed from ground motion
records is not reliable due to the effects of low-pass filtering that is commonly employed
in data processing. In this work we constrain the slope of the long period spectra (i.e. θ in
our model) by the asymptotic behaviour of the Fourier near-fault source spectrum (see, for
instance, Brune 1970) using the random vibration theory. The procedure is outlined in more
detail in Appendix 1. Following this approach, θ was constrained to a value of 2.0. Note that
the reliable period (dictated by the quality of data) up to which the proposed spectral shapes
can be used depends on the earthquake magnitude. As a general recommendation, the spectral
shapes proposed here can be used for SDOF periods less than about 2 times the predominant
period. Nevertheless, we present the results for periods up to 10 seconds for all magnitude
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Table 4 Parameters of Eq. 11
for different magnitude bins

Bin I1 Tm Dm I2

1 1.43 0.85 0.50 1.51

2 1.07 1.15 0.55 1.35

3 0.95 1.55 0.62 1.27

4 0.88 1.80 0.65 1.10

5 1.35 2.45 0.67 0.94

6 0.95 4,95 0.79 0.54

bins, and emphasize that the long period part of the spectrum is approximated by the proce-
dure outlined in Appendix 1. While we recognize the possible errors in estimating response
spectral ordinates at such long periods, we believe that these errors are not critical in terms of
engineering application of the proposed model. One might argue that the long-period spectral
ordinates are critical for very tall and flexible structures as they have long fundamental period
of vibration. But, given the very small amplitudes of spectral ordinates at these periods, the
total response of such structures is most likely controlled by higher modes of vibration, more
so if inter-story drift demands are considered as the response quantity of interest.

The results obtained by calibrating the remaining parameters showed that W and C can be
taken as constant quantities equal to 1 and 1.4, respectively. The other parameters are shown
in Table 4. The quality of the fit between simulated shapes (i.e., spectral shapes approxi-
mated by Eq. 11) and mean spectral shapes of actual ground motion is presented in Fig. 9.
Simulated shapes are represented in Fig. 9 by thin dark lines. Mean spectral shapes, on the
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Fig. 9 Comparison of simulated spectral shapes with mean spectral shapes
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Fig. 10 Relationship between
Tm and mean bin magnitude

other hand, are plotted as thick gray lines. It is observed that simulated spectral shapes match
mean spectral shapes very well.

5.4.2 Magnitude dependence of model parameters

Careful examination of Table 4 shows that some of the parameters listed are strongly cor-
related with the average magnitude of their corresponding bins. The model being proposed
could possibly be simplified by expressing some of these parameters in terms of Mw. As
an average measure of Mw , we select the mean value in a bin and explore its relation with
different parameters listed in Table 4.

We found a strong relation between Tm and mean magnitude. The mean magnitudes for
the bins selected in this study are 6, 6.2, 6.5, 6.7, 6.9 and 7.6, respectively, for bins 1, 2, 3, 4, 5
and 6. Their relation with Tm is shown in Fig. 10. Note that the vertical axis is in logarithmic
scale. Grey circles in the figure represent the values of Tm from Table 4 plotted against the
mean bin magnitude. The relation between Tm and median magnitude was found to be very
similar to the relation between predominant period and magnitude (see Eq. 1). For compar-
ison, this equation is shown with the black line in Fig. 10. This is expected following the
definition of the predominant period. The figure clearly shows that Tm can be taken as equal
to Td whose mean value is estimated from Eq. 1. These observations allow us to simplify the
spectral shape model with the following equation.

PSVn =
⎡

⎢
⎣I1 exp

{−0.5 (ln (Tn)+ 1.4)2
} + I2

⎧
⎨

⎩

(

1 −
(

Tn

Td

)2
)2

+ 4D2
m

(
Tn

Td

)2
⎫
⎬

⎭

−0.5
⎤

⎥
⎦ Tn

(12)

We emphasize that there are only three free parameters in Eq. 12 and all others have
been constrained. We recalibrated the remaining parameters and found a strong relationship
between mean bin magnitude and I2, which is displayed in Fig. 11. Their relationship can be
described by the straight line plotted in Fig. 11. The equation of the fitted line is also presented
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Fig. 11 Relationship between I2
and mean bin magnitude

Table 5 Parameters of Eq. 13
for different magnitude bins

Bin I1 Dm

1 1.43 0.46

2 1.07 0.52

3 0.95 0.58

4 0.88 0.65

5 1.27 0.79

6 1.11 0.77

in the figure. With these additional constraints applied to I2, the approximate spectral shape
is given by:

PSVn =
⎡

⎢
⎣I1 exp

{
−0.5 (ln (Tn)+ 1.4)2

}
+ (4.92 − 0.58Mw)

⎧
⎨

⎩

(

1 −
(

Tn

Td

)2
)2

+ 4D2
m

(
Tn

Td

)2
⎫
⎬

⎭

−0.5
⎤

⎥
⎦ Tn

(13)

The free parameters of Eq. 13 were recalibrated, and their values are presented in Table 5.
Finally, the comparison of approximate spectral shapes computed by using Eq. 13 with
its parameters from Table 5 and mean spectral shapes is displayed in Fig. 12. These results
indicate that the proposed model can capture the salient features of spectral shapes of forward-
directivity-affected near-fault ground motion as a continuous function of Tn . The proposed
model is simple and involves only two free (independent) parameters. It also considerably
facilitates constructing the spectral shapes due to the continuous nature of the function with
respect to Tn . We recognize that spectral shapes, to some degree, are affected by source-to-site
distance, local soil conditions, and basin-generated effects. Whereas these additional param-
eters might be useful in applying more robust constraints on spectral shapes, the instances
of recorded ground motion with forward-rupture directivity in the near-fault region are not
sufficient to model these effects.
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Fig. 12 Comparison of mean spectral shapes of different bins with the approximate spectral shapes computed
from Eq. 13 and Table 5

6 Incorporation of viscous damping

The results presented in Sect. 5 correspond to SDOF systems with a viscous damping ratio
equal to 5% of critical damping. The conventional approach for creating response spectra for
other values of damping has been to modify 5% damped spectra with the so-called damping
correction factors (see, for example, Lin and Chang 2003, and references therein). Although
such an approach is popular and easy to apply, we believe they involve certain uncertain-
ties. Because highly-damped spectra are smoother than those corresponding to low damping
values, the variation of individual spectra from the mean of an ensemble of ground motion
decreases as damping level is increased. The approach of modifying 5% damped spectra, on
the other hand, not only propagates the uncertainty involved with 5% damped spectra but
also introduces additional uncertainty due to simplified damping reduction factors. We pres-
ent an alternative approach to create response spectral shapes for different levels of viscous
damping by evaluating the parameters of the spectral shape model as a function of viscous
damping ratio. To accomplish the task, we computed spectral shapes for different values of
critical damping ratio (ζ ), namely 2%, 5%, 7%, 8%, 10%, 12%, 14%, 17%, and 20%. For
damping ratios above 20%, pseudo-spectral velocity tends to differ from spectral velocity,
and we therefore limit our analysis to 20% of critical damping.

Initial results indicated that W,C , and Tm are not dependent on the level of damping. It
was also found that I2 is not strongly affected by damping level and can be computed from
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Fig. 13 Relationship between I1 and viscous damping ratio for the first magnitude bin

the equation shown in Fig. 11. The remaining parameter I1 displayed strong relationship
with damping level. In Fig. 13, their relationship is displayed for magnitude bin 1. Results
for other bins are similar, and are not shown. It is observed that I1 and ζ are related by an
equation of the form I1 = aζ−0.5, where a is evaluated separately for each bin by fitting a
least squares regression line, as shown in Fig. 13 for the first bin. In the proposed model, I1

contributes to the amplitude of spectral shapes mostly at intermediate frequencies. The power
law type of scaling observed for I1 is similar to the

√
1/ζ type of relationship commonly

used as damping correction factors.
With the value of I1 constrained as discussed above, the remaining parameters Dm and

was recalibrated. It was observed that Dm increases as the damping level increases. In the
proposed model Dm controls the peak of the spectral shape (lower Dm results in higher peak)
around a narrow band close to the period where PSVn is the maximum. It is well known that
the effect of damping is to decrease the amplitude of spectral ordinates near the resonant
period. In this sense, the observed relation between Dm and ζ is expected. It was found that
a liner relationship of the form Dm = c + dζ can be used to capture the dependence of Dm

on ζ . The relation between Dm and ζ , along with least squares lines and their equations, are
shown in Fig. 14 for all magnitude bins These developments make it possible to estimate the
spectral shapes for different levels of damping from 2% to 20% and for different magnitudes
by using Eq. 13 and its parameters listed in Table 6. The critical damping ratio should be
expressed as a fraction in using Table 6 (for example, use ζ = 0.02 if viscous damping ratio
is 2% of the critical level).

Finally, we present the comparison between the mean spectral shapes of the different
magnitude bins against the simulated shapes using Eq. 13 and its parameters from Table 6
for critical damping ratios of 2% and 20% in Figs. 15 and 16, respectively. The result for 5%
of critical damping remains the same as in Fig. 12.
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Fig. 14 Relationship between Dm and viscous damping ratio

Table 6 Parameters of Eq. 13
for different magnitude bins and
damping ratios

Bin I1 Dm

1 0.320ζ−0.5 1.54ζ + 0.39

2 0.239ζ−0.5 1.73ζ + 0.44

3 0.211ζ−0.5 2.41ζ + 0.47

4 0.204ζ−0.5 2.82ζ + 0.50

5 0.283ζ−0.5 4.18ζ + 0.58

6 0.242ζ−0.5 3.38ζ + 0.59

7 Handling uncertainties in spectral shapes

For probabilistic applications, it is beneficial to have a measure of uncertainty in estimated
ground motion parameters. Most attenuation relations come with an estimate of standard
deviation of residuals from regression analysis. To estimate the uncertainty in PSV, it is nec-
essary to have an estimate of standard deviation of PSVn residuals. In this section we provide
such a measure. The residuals in this context are the deviations of response spectral shapes
of individual records from the value computed by Eq. 13. We use magnitude of individual
records in Eq. 13 to compute spectral shapes and their residuals. Note that the two parameters
I1 and Dm could not be expressed as a continuous function of Mw, and are known for mean
bin magnitudes only. In computing the spectral shapes for individual records, we use these
parameters corresponding to the mean magnitude of the bin these records lie in. This intro-
duces some approximation which could be minimized if more data are available to construct
small magnitude bins. Residuals are computed and specified at base 10 logarithmic scale at
different values of Tn . The standard deviation of these residuals is termed σlog PSVn and is
plotted in Fig. 17 as a function of Tn for three different levels of damping. Note that the Tn

axis is in logarithmic scale. The figure clearly shows that standard deviation reduces as the
damping level increases. This is because as damping ratio increases, spectral shapes become
smoother. The decrease in the standard deviation of residuals with increasing damping level
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Fig. 15 Comparison of 2% damped mean spectral shapes with the ones simulated by Eq. 13 and Table 6

is the largest in the high-frequency region. We found that uncertainty in spectral shapes
predicted by our model is smallest in the range 0.2s < Tn < 4s. This is, in most cases, the
period range of greatest interest for engineering design. We also notice that the variation of
σlog PSVn with Tn can be approximated by a simple curve as represented by the black line in
Fig. 18 for 5% damped systems. The equation related to this approximation is the following.

σlog PSVn =
{

0.18 − 0.04 sin
[
2.9 (log Tn − 1.7)

]
if − 1.73 < log Tn < 1.0

0.16 if log Tn ≤ −1.73
(14)

We suggest this approximation function, which is similar to the computed values of
σlog PSVn , to avoid a long list of σlog PSVn at discrete Tn values. Equation 14 corresponds
to 5%-damped systems. For higher levels of damping, the standard deviations are smaller.
On average it was found that standard deviation for damping ratios of 0.02, 0.07, 0.08, 0.1,
0.12, 0.14, 0.17, and 0.2 were 1.06, 0.98, 0.97, 0.95, 0.93, 0.92, 0.90, and 0.88 times that
for 5% damped system respectively. In order to compute the standard deviation of PSV from
σlog PSVn and σlog PGV , the correlation between PSVn and PGV need to be established. The
computed coefficients of these correlation for our data was found to be negative (−0.2 to
−0.3) between SDOF periods of 0.01s and 1s beyond which it increased to 0.3 at a SDOF
period of 2s, and then decreased steadily to 0 at about 10s. Because these coefficients are
small, PSVn and PGV can be assumed to be uncorrelated, and the uncertainty in PSV can
be approximated from the following equation.

σlog PSV =
√(
σlog PSVn

)2 + (
σlog PGV

)2 (15)
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Fig. 16 Comparison of 20% damped mean spectral shapes with the ones simulated by Eq. 13 and Table 6
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Fig. 17 Standard deviation of residuals of spectral shapes for three different levels of viscous damping
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Fig. 18 Standard deviation of residuals for 5% damped spectral shapes as a function of Tn

In Eq. 15, σlog PGV can be computed from any appropriate attenuation equation for PGV,
such as the one proposed in Sect. 4.2. The value of σlog PGV computed in Sect. 4.2 was 0.16.
Considering this, σlog P SV varies from about 0.21 to 0.27.

In Fig. 19, the distribution of PSVn residuals is compared with standard normal dis-
tribution for nine different values of Tn , as indicated at top of each plot, and for a 5%
damped system. The residuals are found to have zero mean in general although there
are some differences between the residual distribution and normal distribution. Such dif-
ferences are commonly experienced and may possibly be due to lack or non-uniform
distribution of data. For practical application, an assumption of normal distribution for
σlog PSVn , i.e., log-normal distribution for PSVn seems reasonable from the results presented in
Fig. 19.

The model that we have developed here is valid only in the near-fault area (within 20–25
km from the fault) and within the range of earthquake magnitudes considered in this study
(5.5 to 7.6 in moment magnitude scale). Furthermore, the model is applicable only if forward-
directivity effects are expected. If, in hazard or risk analysis, an analyst uses the proposed
model along with other models to account for scenarios not applicable to our model, abrupt
changes in scaling of ground motion quantities with respect to distance can result. This leads
to the common dilemma of finding a rational way of combining different models. In PSHA,
this is modelled as epistemic uncertainty, and the so-called logic trees are applied to combine
different ground-motion models. While this approach is, to a large extent, ad-hoc procedure
in terms of selecting the weights assigned to different models, a more rigorous approach has
not yet evolved. In combining our model with other models valid in the far-field area, we
recommend using a weighting function (of distance from the fault) w which the analyst can
choose to vary from 1 at the fault plane to 0 at a distance of about 25 km from the fault. Then
any far-field model to be combined with the proposed model will be given a weight of 1-w.We
recognize that this is an ad-hoc approach, and further research is necessary in finding convinc-
ing methods to handle epistemic uncertainties in seismic hazard or risk assessment exercises.
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Fig. 19 Distribution of residuals of 5% damped spectral shapes compared with a standard normal distribution

8 Inelastic response and force reduction factor

Force-based design of engineering structures for earthquake resistance generally requires
inelastic response spectra of SDOF systems to estimate design lateral strengths. Inelastic
response spectra for earthquake ground motion are typically constructed by reducing elas-
tic response spectra by the so-called force reduction factor or structural behaviour factor.
Hysteretic energy dissipation during inelastic deformation is a major contributor to these
reduction factors apart from damping and structural over-strength. The reduction in design
forces due to hysteretic energy dissipation

(
Rμ

)
is defined as the ratio of elastic strength

demand to inelastic strength demand required to maintain a displacement ductility (μ) less
than or equal to a pre-determined target ductility ratio when subjected to the same excitation.
Miranda and Bertero (1994) provide detailed review on Rμ and the factors affecting its mag-
nitude. Other researchers carrying out extensive studies on force reduction factors include
Borzi and Elnashai (2000); Jalali and Trifunac (2008), and Watanabe and Kawashima (2002),
to name a few. The results of past studies have shown that Rμ depends mainly on μ and Tn .
In this section we present the relationship between Rμ,μ, and Tn for forward-directivity
affected near-fault ground motions.

To explore the dependence of Rμ on SDOF period and target ductility level, yield strength
(iso-ductile) spectra were computed for target displacement ductility levels of 1.5, 2, 3, 4, 5,
and 6. The hysteretic behaviour of inelastic SDOF was assumed to be elastic-perfectly-plastic,
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Fig. 20 Variation of force reduction factor with undamped natural period of SDOF and displacement ductility
ratio

and the level of viscous damping was considered to be 5% for elastic as well as inelastic
systems. Figure 20 displays the variation of mean force reduction factors with undamped
natural periods of SDOF for six different values of target ductilities. It is observed that as
Tn → 0, Rμ → 1 The equal deformation rule of Veletsos and Newmark (1960) - at long
periods, peak elastic deformation is equal to peak inelastic deformation, and therefore Rμ =
μ- is apparently not strictly valid up to undamped natural periods of 10 s. Although the rule is
conservative in the sense that it predicts lower values of Rμ, it is observed that the reduction
factor at 10 s is about 10% higher than the assumed target displacement ductility. However,
the results at long periods are likely to be influenced by the cut-off frequency of high-pass
filters used in processing the accelerograms.

Following the pioneering works of Veletsos and Newmark (1960), several researchers
have proposed mathematical equations describing the Rμ − μ − Tn relationship (see, for
example, Borzi and Elnashai 2000, and references therein). To establish such a relationship
we use a mathematical model similar to the one used by Watanabe and Kawashima (2002).
Their model was designed specifically to satisfy the equal deformation rule at long periods,
which we calibrate to match the force reduction factors displayed in Fig. 20. We idealize
mean force reduction factors by the following equations.

Rμ = [μ− 1]ψ (Tn)+ 1 (16)

ψ (Tn) = Tn − γ

γ exp (τTn)
+ 1 (17)

In Eqs. 16 and 17, the constants γ , and τ are functions of μ and were accordingly
calibrated using mean reduction factors presented in Fig. 20. The reduction factors given
by these equations satisfy the condition Rμ → 1 as Tn → 0. As Tn → ∞, the force reduc-
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Table 7 Parameters of Eqs. 16
and 17 describing the
Rμ − μ− Tn relationship

μ γ τ

1.5 0.50 6.00

2.0 1.00 4.50

3.0 2.00 3.00

4.0 2.50 2.00

5.0 3.00 1.75

6.0 3.25 1.50
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Fig. 21 Comparison of mean force reduction factors (solid lines) with the idealized ones (dashed lines ) given
by Eqs. 16 and 17 for displacement ductilities of 1.5, 2, 3, 4, 5, and 6

tion factor given by our equations approaches µ. The constants of Eqs. 16 and 17 are presented
in Table 7. Figure 21 compares mean force reduction factors with the idealized ones. Note
that the match between the average force reduction factors and the approximate ones given
by Eqs. 16 and 17 show some differences at long periods. Considering the uncertainty in
long-period response spectral ordinates, the calibration of the constants were judged based
on structural periods up to about 4s. Even though force reduction factors are presented in
Fig. 21 up to structural periods of 10 s, it should be noted that the model is constrained to
follow the equal displacement rule at long periods.

It is important to note that force reduction factors of individual ground motion records
show a considerable variation around the mean. In this sense it might not be conservative to
use the mean force reduction factors. Ground motion prediction equations for inelastic spec-
tral ordinates like the ones proposed by Rupakhety and Sigbjörnsson (2009a), and Bozorgnia
et al. (2010) provide a more reliable estimate of design lateral strengths than the approach
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of using force reduction factors. The number of ground-motion records containing forward-
directivity pulses is not sufficient to develop such a model.

Another important consideration to keep in mind while using force reduction factors is the
level of damping in structures. Watanabe and Kawashima (2002) computed force reduction
factors with three assumptions regarding the damping ratio of elastic and inelastic SDOF,
namely (i) 2% for both elastic and inelastic systems, (ii) 5% for elastic and 2% for inelastic
systems, and (iii) 5% for both elastic and inelastic systems. Their results indicated that the
first assumption provides the largest force reduction factors, the second assumption provides
the smallest force reduction factors, while the third one estimates force reduction factors
between the two cases. We performed a similar study on our data, and the results were in
agreement with their observations. Before applying force reduction factors, it is important to
consider the assumptions regarding the damping ratio of SDOF used in deriving them. The
reduction factors presented here correspond to 5% of critical damping for both elastic and
inelastic SDOF systems.

9 Conclusions

A large number of recorded near-fault ground-motion data have been collected and stud-
ied, with special emphasis on forward-directivity effects. The period where 5% damped
pseudo-spectral velocity contains a clear peak is proposed as a measure of predominant
period (Td) of forward-directivity affected near-fault ground motions. The main advantage
of this definition is that, unlike pulse period as defined by various authors, this measure is
unambiguous and is easily calculated. A robust equation is developed to relate Td to earth-
quake magnitude. The relationship between Td and Mw is similar to scaling relations between
pulse period and magnitude proposed by different researchers in the past

An empirical model is developed to estimate peak ground velocity (PGV) as a function of
earthquake magnitude and source-to-site distance. However, we found that the available data
are not sufficient to constrain a reliable model for the effects of source mechanism and local
site conditions. A weak dependence of PGV on moment magnitude is observed. A potentially
useful predictor for directivity, based on the work of Spudich and Chiou (2008), is tested as
a potential parameter in PGV attenuation model, although with limited success.

Properties of elastic response spectra of forward-directivity-affected near-fault ground
motion are discussed in depth. A simple model is proposed to estimate mean spectral shapes
of SDOF response to such ground motions. The proposed analytical model is a continuous
function of the undamped natural period of SDOF oscillators, and its parameters are magni-
tude dependent. The model is calibrated by using recorded ground motions. The dependence
of the parameters of the proposed model on earthquake size is investigated, constraining their
relationship in a step-by-step manner. It was found that several parameters of the model can
be effectively expressed in terms of earthquake size, thereby reducing the number of free
variables.

In addition, the effects of viscous damping ratio on spectral shapes were thoroughly exam-
ined. By studying spectral shapes for different levels of viscous damping, we were able to
express the parameters of the spectral shape model as a continuous function of damping
ratio. This avoids the use of so-called damping correction factors commonly used to derive
response spectra for various levels of damping from that corresponding to 5% of critical
damping.

The proposed model is found to have small uncertainties in the period range of com-
mon engineering structures, whereas uncertainties concerned with very high frequencies are
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larger. The standard deviation of the residuals of the proposed model was found to be smaller
for highly damped systems.. The proposed model can be used with any reliable attenuation
model of PGV, in order to estimate the elastic response spectra for forward-directivity ground
motion in the near-fault area.

Finally, constant-ductility spectra of elasto-plastic SDOF systems are studied for ductility
ratios ranging from 1.5 to 6. An approximate equation to estimate force reduction factors as
a function of displacement ductility and SDOF period is also presented.
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Appendix 1

Approximation of the response spectrum at long periods

To obtain an approximation we assume that the Fourier acceleration spectrum is proportional
to ω when ω → 0, ω being the frequency. This assumption is in accordance with the Brune
near-fault model (Brune 1970), according to which we have

|AN (ω)| ∝ ω (A.1.1)

Hence, it follows that the velocity spectrum approaches a constant value for ω = 0:

|VN (0)| = constant (A.1.2)

Using this basic property of the near-fault spectrum and random vibration theory, it is pos-
sible to derive the asymptote of the earthquake response spectrum when the natural structural
period approaches infinity. The solution can be approximated as follows:

P SV ∝ 1√
Tn

⎛

⎜⎜
⎝

√

2 log

(
2�T

Tn

)
+ γ

√
2 log

(
2�T

Tn

)

⎞

⎟⎟
⎠

√

1 − exp

(
−4πζ

�T

Tn

)
if Tn � Td

(A.1.3)

where, Tn is the undamped natural period of the structure, ζ is the damping ratio, �T is
the duration of strong-motion, Td is the period of the spectral peak, and γ = 0.5772 is the
Euler’s constant.

We adopt the definition of Trifunac and Brady (1975) taking significant duration of the
strong ground motion as the time interval between the 5% and the 95% of the Arias inten-
sity (Arias 1970). Average duration for each magnitude bin listed in Table 3 in the text was
computed accordingly. Using these duration values and 5% critical damping, Eq. A.1.3 was
used to compute the asymptote of PSV at long periods. It should be noted that Eq. A.1.3 can
not be used for Tn ≥ 2�T . In such cases, the second term in Eq. A.1.3 can be replaced by
the peak factors given in Cartwright and Longuet-Higgins (1956).
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Since the slope (in log-log scale) of the long period part of the proposed spectral shape
model is controlled by θ , its value can be estimated to match the asymptote computed from
Eq. A.1.3. The comparison between the proposed model and the asymptotic solution of
Eq. A.1.3 for different magnitude bins is shown in Fig. 22 below. The asymptotic solution is
hinged to the spectral shape at a period equal to two times the period of the spectral peak. The
values of θ required to match the asymptotic slope was found to be lie between 1.9 for the first
bin to 2.25 for the sixth bin. In order to simplify the model, we use a constant value of 2 for all
magnitude bins. This is also consistent with the commonly used assumption that the PSV spec-
trum has a slope of -1 in a tripartite representation (see, for example, Newmark et al. 1973).
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Fig. 22 Comparison between the asymptotic solution (red line) and the proposed spectral shapes (blue line)
for different magnitude bins. The asymptotic solutions are hinged to the spectral shapes at a period two times
the period of the spectral peak

Appendix 2

See Table 8.
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