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ABSTRACT
Pulse-like records are well recognized for their potential to impose higher demands on structures
when compared to ordinary non-pulsive records. This increased building response to pulsive
records is often associated with their particular spectral shape, and specifically the spectral
increment around the pulse period. Still, others have argued in favor of the time-domain effect of
the pulse itself, without focusing on the shape of the spectrum per se. Such issues become
important when selecting records, where current catalogue limitations deny us the capability of
perfectly satisfying many objectives at the same time. Herein, we provide a fresh outlook on this
subject via the use of spectrally equivalent pulse-like and ordinary records. These allow us to
distinguish the effect of pulse period from spectral shape and research the degree to which each
needs to be satisfied to achieve a hazard-compatible record set. The comparison shows that there
are characteristics of structural response to pulse-like records that cannot be predicted by the
spectral shape of the input ground motions. Furthermore, the average spectra acceleration over a
period range, AvgSA, is shown to be an adequate proxy for spectral shape, and together with
Tp/T1 form an efficient and sufficient IM for response prediction to pulse-like ground motions.
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increment around the pulse period. Still, others have argued in favor of the time-domain effect of
the pulse itself, without focusing on the shape of the spectrum per se. Such issues become
important when selecting records, where current catalogue limitations deny us the capability of
perfectly satisfying many objectives at the same time. Herein, we provide a fresh outlook on this
subject via the use of spectrally equivalent pulse-like and ordinary records. These allow us to
distinguish the effect of pulse period from spectral shape and research the degree to which each
needs to be satisfied to achieve a hazard-compatible record set. The comparison shows that there
are characteristics of structural response to pulse-like records that cannot be predicted by the
spectral shape of the input ground motions. Furthermore, the average spectra acceleration over a
period range, AvgSA, is shown to be an adequate proxy for spectral shape, and together with Tp/T1
form an efficient and sufficient IM for response prediction to pulse-like ground motions.

Introduction
Ground motion recordings near a fault rupture (i.e. near-fault) are distinctly recognized when
compared with the ones registered relatively far from a fault rupture (i.e. far-fault). In a nearfault region, ground motions, sometimes, show high-amplitude long duration acceleration or
velocity pulses occurring primarily in the fault-normal direction (called “pulse-like” ground
motions here after). These pulse-like ground motions most of the times occur at near-fault sites
where the fault rupture propagates towards the site at a speed close to the shear wave velocity
(i.e. “forward directivity” effect) [1]. Consequently, most of the energy from the fault rupture
arrives to the site at the beginning of the record. In addition, depending on the orientation of the
recording with respect to the fault rupture, different recordings of the same ground motion but
with different orientations will have different pulse effects (so called “directionality” or
“polarization” effect). In the past, many studies investigated different aspects of impulsive
motions. Such studies could be classified in to six categories as follows.
The structural response to pulse-like ground motions has been extensively investigated
(e.g. [2-13]). Some researchers focused on the (natural or artificial) pulse-like records per se,
attempting to characterize the effect of their characteristics (e.g. the amplitude and period of the
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velocity pulse and the number of half-pulses) [7, 8, 14-16] on structural response. Others focused
on comparing response to pulse-like versus ordinary records (e.g., [6, 9-11, 17]), demonstrating
that, in general, pulse-like motions impose larger demands on structures. For example, Champion
and Liel [11] found that the collapse risk for modern reinforced concrete buildings subjected to
pulse-like motions in near-fault regions is approximately six times higher than the 1% in 50
years risk targeted in the US building code.
For these comparisons of structural responses to be fair, however, ordinary and pulse-like
records should be somewhat comparable. Still, the notion of what constitutes comparable sets of
pulse-like and ordinary records remains a challenge. The spectrum of a pulse-like record is
usually higher around the pulse period, and it is well known that systematic differences in
spectral shape have a significant effect on the building response (e.g. [18]). Still, to our
knowledge, only [11] implicitly accounted for the systematic spectral shape difference of pulselike ground motions by adjusting the estimated structural collapse rates using the approximation
proposed in [19]. The question of whether there are other features specific to pulse-like records
(apart from their spectral shape) that systematically affect the structural response, therefore,
remains. This is what we intend to investigate.
The goal in response prediction is to be able to estimate the response distribution as
accurately and inexpensively as possible by means of a judiciously chosen ground motion
intensity measure (IM), be it scalar or vectorial. To do so, such an IM should be both efficient,
i.e., show low dispersion of the engineering demand parameter (EDP) given the IM, and
sufficient, i.e., the EDP conditioned on the selected IM being independent of other ground
motion IMs. Spectral acceleration at the first mode period of the structure, Sa(T1), is the most
common IM used in practice for this scope. However, given the special characteristics of the
pulse-like records, it was observed that Sa(T1) is not a good predictor for the near-collapse
response of nonlinear structures with elongated periods (e.g., [20]) or for tall buildings where
higher mode effects can be particularly important [21, 22]. Our study investigates whether
accounting only for the pulse-like specific spectral shape is enough for capturing the aggressive
effects of these records when used as input to nonlinear dynamic analysis of buildings. Our target
is to monitor structural response globally in terms of maximum inter story drift (MIDR) over all
floors.
Ground motion database
We assembled from the NGA-West 2 database two sets of 192 pulse-like records and 192
ordinary ones from 36 earthquakes. The former set was identified using the algorithm proposed
by Shahi and Baker [23]. A major part of the selected records of this study come from the 1979
Imperial Valley-06, the 1986 Taiwan SMART1(40), the 1989 Loma Prieta, the 1994 Northridge01, the 1999 Chi-Chi, Taiwan, the 2007 Chuetsu-oki and the 2010 Darfield, New Zealand
earthquakes. A full list of pulse-like ground motions of NGA-West 2, classified by [23] along
with manually filtered list of directivity pulses, is provided online [24].
We also assembled a companion ordinary-record set of 192 accelerograms from the
PEER NGA-West 2 database. Using the approach of Chandramohan et al. [25], each
accelerogram was selected such that its spectral shape was similar to that of a pulse-like record in
the other set. More precisely, for each pulse-like record we choose its spectral-shape-equivalent
ordinary one by minimizing the sum of squared error differences, allowing for a scale factor of
up to 5, magnitude higher than 6.0 and making sure no record appears twice in the set. Figure 1

(a) shows an example of the comparison between the response spectrum of a pulse-like record
(from the 1986 Kalamata earthquake) and its spectrally equivalent ordinary record (from the
1994 Northridge earthquake). Figure 1 (b) illustrates the velocity time histories of the two
records. Note that while it is almost impossible to obtain records with exact same spectral
shapes, the method employed assures the selection of the spectrally closest ones.

(a)
(b)
Figure 1. Comparison of (a) the response spectra and (b) the velocity time histories of a
spectrally equivalent pulse-like and ordinary record pair. The pulse-like record is
from the 1986 Kalamata event (Kalamata (bsmt) “2nd trigger” station) with
Tp = 0.79s. The ordinary record is from the 1994 Northridge earthquake (“Inglewood
- Union Oil” station), scaled by a factor of 1.15.
Pulse-like records and spectral shape
Several of the aforementioned studies investigating the response to pulse-like motions have
focused on the special spectral shape of such records due to amplification of the spectral
acceleration around Tp. This reasoning becomes more evident by inspecting the spectral shape of
the records selected in this study with Tp ≤ 6.0s. These records are parsed and binned into six
bins of Tp as shown in Table 1. Figure 2(a) compares the mean of the pulse-like records of each
bin (solid line) to the mean of their spectrally-equivalent counterpart ordinary records (dashed
lines). Firstly, as stated previously, the good match between the mean of the two equivalent sets
for any corresponding pair of bins, proves that the method adopted for finding the spectrally
equivalent records was successful. Secondly, the mean spectral acceleration of the records in any
specific bin is amplified around its Tp, locally becoming higher than the mean spectral
acceleration of the records of any other bins in this period range. This is strong supporting
evidence in favor of the structural response being significantly affected by the pulse period.
Although such data only concerns the spectral acceleration of elastic single-degree-offreedom (SDOF) systems, it certainly raises the expectation that the nonlinear response of multidegree-of-freedom (MDOF) or SDOF systems to spectrally equivalent pulse-like and ordinary
records could actually be similar. In order to investigate the legitimacy of this statement, we
performed incremental dynamic analysis (IDA) [26] using the two sets of 192 spectrally
equivalent pulse-like and ordinary records for nonlinear MDOF systems. One important aspect
of the records selected here, as explained earlier, is that we performed our record selection on a

‘one-by-one match’ basis rather than (for instance) matching the mean of the two record sets.
Figure 2(b) compares the distributions of the spectral accelerations for 2.5/50/97.5 percentiles of
the two selected record sets. The observed consistency allows us to obtain similar distributions of
the spectral accelerations (mean and variance) and, consequently, allows us to provide a fair
comparison between the pulse-like versus ordinary records in terms of both mean and variance of
the response.
Table 1. Number of records for bins of Tp
Tp
Number of records
Bin Average ( Tp )

[0s, 1s]
23

[1s, 2s]
48

[2s, 3s]
18

[3s, 4s]
12

[4s, 5s]
17

[5s, 6s]
11

0.76

1.45

2.53

3.46

4.58

5.59

(a)

(b)

Figure 2. (a) Mean response spectra of the selected records of six bins listed in Table 1. Solid
lines refer to the mean of the pulse-like records whereas dashed lines refer to the
mean of the corresponding spectrally-equivalent ordinary record set. (b) Comparison
of the spectra of all selected 192×2 pulse-like and ordinary records along with their
2.5/50/97.5 percentile curves.
Multi-degree-of-freedom systems
Five plan-symmetric moment-resisting and one braced frame are employed as case-studies: a 3story steel braced frame, a 2-story and a 4-story steel moment resisting frames and three
reinforced-concrete frames of 7-, 12- and 20-stories. These are modern structures built according
to post-1980 seismic design provisions for high-seismicity regions. A 2D centerline idealization
of each building was created using OpenSees [27]. Further details on the building properties and
modeling approach appear in Kazantzi and Vamvatsikos [28]. The first modal periods of the
models are 0.87, 0.54, 1.82, 1.60, 2.10 and 2.85s for the 2-, 3-, 4-, 7-, 12- and 20-story buildings,
respectively.
To discern the effect of the Tp/T1 ratio for each building and IM level, the pulse-like
record sets were placed in three building-specific bins of Tp/T1: [0.2, 1.0], [0.75, 1.3] and [1.2,
3.0], which represent average values of the ratios Tp/T1≈0.5, Tp/T1≈1.0 and Tp/T1≈2.0,
respectively. Given the overlap of the Tp/T1 in the selected bins, some repeated records are
present to maintain the mean value of the bin equal to the desired value. Due to catalogue

limitations (which is a persistent issue wherever natural pulse-like records are concerned) the
bins are of unequal sizes, generally containing 25 to 60 records each but in three distinct cases
(out of 3×6=18 total) only 2 to 5 records. This is the case of the short period 2/3-story buildings,
for which finding records with Tp/T1within [0.2, 1.0] is challenging. The results for these
bin/building combinations are still shown for completeness but they should be considered with
caution as they may not be statistically significant.
(a)

(b)

(c)

(d)

Figure 3. Median IDA results for MIDR conditioned on Sa(T1). Comparison between the
spectrally equivalent pulse-like (solid lines) and ordinary (dashed lines) records with
Tp/T1 ratios of [0.2, 1.0], [0.75, 1.3] and [1.2, 3.0]: (a) 2-story, (b) 4-story, (c) 7-story,
and (d) 20-story buildings.
Figure 3 shows the median IDA results for the 2-, 4-, 7- and 20-story buildings under the
pulse-like and the corresponding ordinary records in each bin, using Sa(T1) as the IM and MIDR
as the global response EDP. As a general comment, even though the two record sets are
spectrally equivalent to the highest degree possible with the current record databases, their IDA
responses, in general, do not match, often showing significant differences. Only the 20-story
does not show any significant difference among the IDAs computed using the two types of
records over all bins. In all the other cases there is at least one bin where the pulse-like motions
impose higher demands to the buildings and, therefore, the corresponding collapse capacity is
generally lower.

Altogether, though, the aforementioned results do provide hard evidence that spectral
shape does not fully account for the aggressiveness of pulse-like records. This finding confirms,
for example, those of earlier studies stating that the use of an amplified response spectrum
analysis may provide biased results vis-à-vis nonlinear dynamic analysis [3, 15, 29]. Here we
emphasize that some part of the difference between IDAs of the pulse-like and ordinary records
may indeed stem from the minor differences in the spectra of the two sets due to locally
imperfect matching. However, given the close spectral match (see Figure 2) achieved, we expect
that most of the observed disparities in response are due to the pulse-effect, rather than to the
residual minor differences in spectral shape. This result suggests that for the sites with the likely
occurrence of pulse-like motions, taking care of the spectral shape in record selection is not
enough. Appropriate pulse-like records should be considered within the record set. Analogously,
this statement is also true for assessing building response to ordinary records: using arbitrary
pulse-like records in a site with far field characteristics (even with the appropriate spectral shape
of the far field site) introduces bias to the building response estimation.
Pulse-like records of similar Tp/T1 and different spectral shape
The results in the previous section showed that spectral shape alone cannot define all the
characteristics of pulse-like records. In addition, those results shed some more light on the effect
of Tp/T1 on structural response. Here we tackle a different but related question to the one
discussed earlier: Should we expect that pulse-like records with similar Tp/T1 values induce
similar responses on a given structure (conditioned on the IM) regardless of their spectral shape?
In other words, do records with same intensity, same Tp/T1 distribution but different spectral
shape induce the same response? To better resolve this issue, for each bin of Tp/T1 we divided the
records into two sets with different spectral shapes. All the records in a bin were first scaled to
the same Sa(T1) value, say 0.1g, to give them the same intensity at a spectral period relevant to
the response of the considered structure. Then, by comparing each record spectrum to the
average spectrum of the entire bin over [T1, 6.0 s], we divided the records into two groups
labeled ‘highest’ and ‘lowest’, according to whether their spectra were consistently above or
below the average in the range of interest. Figure 4 shows the spectra of these two subsets for
pulse-like records with Tp/T1 in [0.75, 1.3] and [1.2, 3.0] for the 7-story.

Figure 4. Individual spectra (grey) of pulse-like records with similar Tp/T1 but different spectral
shapes selected for the 7-story building characterized by a T1=1.6 s. Colored lines
indicate the median spectra of the highest versus lowest cases in the [T1, 6.0 s] range.

Figure 5. Fractile IDA curves of the 7-story building under pulse-like records with similar Tp/T1
but different spectral shapes. Left panels: records selected conditioning on Sa(T1);
right panels: records selected conditioning on AvgSA. Solid lines represent the median
(50%) and dashed lines represent the 16%, 84% percentiles of EDP|IM.

To show the difference in the response of the 7-story building to the ‘highest’ and
‘lowest’ sets, we plotted in the left panels of Figure 5 the 16/50/84% IDA curves for MIDR
conditioned on Sa(T1). Obviously, the distributions of the two sets look nothing alike, the
‘highest’ set clearly being more aggressive, showing increased MIDR response for any but the
lowest levels of Sa(T1). This can be expected as Sa(T1) clearly cannot account for spectral
ordinates beyond T1. In an attempt for improvement, we turn to the average spectral acceleration,
AvgSA [30-34]. AvgSA is herein defined as the geometric mean of spectral ordinates in a period
range of [T2, 2T1] with an increment of 0.1s, where T2 is the period of the second mode of
vibration. Several authors, among them Kohrangi et al. [33, 35], have shown the improved
performance of AvgSA compared to Sa(T1) for estimating the response of 3D and 2D structures
under ordinary records. This improvement is due to the incorporation of periods other than T1 to
offer a proxy of spectral shape. Here we further examine performance of AvgSA in predicting the
response to pulse-like records (see also [36]). The right panels of Figure 5 illustrate the IDA
results of the 7-story building in terms of MIDR, now conditioned on AvgSA. The discrepancy
observed earlier for Sa(T1) is adequately alleviated by the use of AvgSA. Some differences still
remain, yet it should be noted that this is only in a strict sense and under a very severe test where
the two polar opposites in spectral shape are compared against each other. This suggests that
after accounting for Tp/T1 in the selection of records to be used in nonlinear dynamic analysis,
any residual spectral shape effects may be taken care of by simply using AvgSA as the
conditioning IM rather than Sa at T1 or at any other single period.
Conclusions
This study focused on the investigation of the effect of pulse-like records on building response.
The peculiar spectral shape of these records has been always the center of the attention, often
offered as an explanation of their ‘aggressiveness’ on buildings compared to that of ordinary
ground motions. Using sets of spectrally equivalent ordinary and pulse-like records, we were
able to separate the effect of spectral shape from that of the time-domain pulse and to show the
significance of both. This study also showed the inadequacy of Sa(T1) as an IM for building
response prediction to pulse-like records. The geometric mean spectral acceleration over a period
range, AvgSA, serves this role better, being able to account for most of the spectral shape effect.
This consideration allows us to propose a record selection procedure for estimating the response
of buildings at sites that are likely to experience pulse-like motions. The pulse-like record set
need only be selected with respect to the Tp distribution obtained from hazard disaggregation at
given values of AvgSA without further recourse to a target spectrum as suggested in the past. We
contend that our proposal ensures accuracy and practicality for near-field building risk
assessment.
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