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Introduction

Since the adoption of the 1996 United States Geological Survey
(USGS) National Seismic Hazard Maps (Frankel et al. 1996) by
the National Earthquake Hazards Reduction Program (NEHRP)
(FEMA 1998), collapse prevention design for moderate seismic
regions has become a serious concern. Whereas 10 years ago,
Boston; New York; Memphis, Tennessee; and Charleston, South
Carolina, were the only major cities in the eastern United States
to have adopted formal seismic design criteria (Nordenson and Bell
2000), it is now commonplace for states to have adopted some form
of the USGS maps through the International Building Code (ICC
2006) and ASCE-7 (ASCE 2005).

The development of the 1996 USGS Hazard Maps led to the
adoption of two-thirds of the 2% in 50 year maximum considered
earthquake (MCE) event as the primary seismic design intensity
level for the entire United States with the aim of establishing equal
risk of collapse for all building structures in all seismic regions
(FEMA 1998; Bell and Lamontagne 2002). During this same
period of time, significant discussion has developed in structural
design communities regarding the appropriate level of seismic
detailing required for collapse prevention in moderate seismic
regions. In the absence of a well-established literature on this sub-
ject, the assumption that no special detailing is required for steel
structures designed with a response modification factor of R ¼ 3
(AISC 1997) has become a popular default position for many

engineers and fabricators. The response modification factor
(R-factor) is an approximate measure of structure ductility and
overstrength capacity applied to the denominator of design base
shear calculations. For instance, ductile special moment frames
are allowed to be designed assuming R ¼ 8, thus lowering design
base shear considerably below an equivalent elastic base shear.
R ¼ 3 is understood as the minimum R-factor for steel buildings,
the use of which does not require any seismic detailing.

The adoption of this R ¼ 3 provision for steel buildings along
with the new USGS maps implies two assumptions:
1. Strength is the determining factor for reliable collapse preven-

tion in moderate seismic regions.
2. Sufficient reserve capacity can be expected of all steel build-

ings designed for a minimum level of force.
Neither of these assumptions have been tested rigorously with

the same care attendant to the concepts of ductility, capacity design,
damping, and seismic isolation in high seismic regions.

In general, information related to collapse performance of low-
ductility structures in moderate seismic regions is scarce. Recent
studies have begun to address this issue for low-ductility steel-
braced frames (Hines et al. 2009) and steel moment frames
(Nelson 2007), but eventually the issue must be addressed for
all structural systems and materials. Essential to this work is
the selection of appropriate ground motions for nonlinear response
history analysis.

The selection of site-specific ground motions for moderate
seismic regions, such as Boston, involves five primary issues that
differentiate it from the selection of ground motions for high
seismic regions.
1. No sufficient database of recorded strong motions in moderate

seismic regions exists and hence, uncertainty with respect to
magnitude (M) and distance (R) for an MCE event is typically
greater in a moderate seismic region than in a high seismic
region.

2. Spectral accelerations, at high frequencies, generally exceed
the levels implied by the ASCE-7 adaptation of the
USGS maps.

3. Soil amplification is greater for lower intensity ground
motions common to ENA than for the higher intensity motions
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more common in Western North America (WNA) because the
soil behaves linearly at the lower intensity shaking level.

4. Low-ductility structures that are common in ENA yet are con-
sidered unacceptable in WNA often experience at least one
system damage state during earthquake shaking that trans-
forms their fundamental structural periods; the system damage
state is not consistent for different ground motions.

5. Attributable to long return periods, collapse prevention has tra-
ditionally been the only significant damage measure (DM) in
moderate seismic regions (Luft and Simpson 1979). Therefore,
suites must be selected to facilitate the construction of collapse
fragility curves. This objective differs from the current refer-
ence standard procedure of selecting a suite of seven motions
for the purpose of calculating an average demand parameter
such as story drift (FEMA 2004). If a low-ductility structural
model collapses under a given motion at a scale factor of 1.0, it
becomes impossible to assess any average demand parameter
for the suite.
Using Boston as a test case, this paper discusses an approach to

selecting a suite of ground motions based on these five issues. The
resulting suite is discussed in light of its application to collapse
performance assessments reported by Hines et al. (2009) and by
Nelson (2007).

Historical aspects of the Massachusetts State Building Code
(MSBC) make the Boston Area particularly appropriate for the dis-
cussion of ground-motion intensity and suite selection. Since the
1970s, engineers, seismologists, and public officials have worked
to prepare Boston and other cities in Massachusetts for a destructive
seismic event similar to the 1755 Cape Ann Earthquake (Whitman
2002). The success of these previous efforts, drawing heavily from
the Seismic Design Decision Analysis project at MIT, is evidenced
both in the creation and adoption of the “first seismic criteria
developed specifically for a jurisdiction in the eastern United
States” (Luft and Simpson 1979), and in the Hazus Pilot Study con-
ducted for Boston in the late 1990s (EQE 1997).

Uncertainty related to expected earthquake intensity in Boston is
well illustrated by the history of model code values for seismic
design in Boston. Table 1 lists seismic base shear values for 9-story
Special Moment Resisting Frame (SMRF) and Ordinary Concentri-
cally Braced Frame (OCBF) buildings designed for Site Class D in
Boston based on the SAC 9-story building geometry (information
on SAC is provided in the next section). While these systems were
not explicitly in all of the codes listed, some assumptions were
made in comparing values for pre- and post-ATC 3-06 values.
For a detailed discussion of these assumptions and the history

of these code approaches to base shear, see Sorabella (2006).
The lower variations in MSBC base shear values compared to
model code base shear values reflects the intensive efforts by
Massachusetts engineers to develop seismic provisions that could
be adopted and enforced as an alternative to insisting that Boston
should be on the same footing as Los Angeles (Luft and Simpson
1979; Nordenson and Bell 2000).

Previous Ground-Motion Studies for Boston

In addition to the rich history of building code approaches to seis-
mic design, at least three serious public attempts have been made
to develop a suite of motions for Boston: the Central Artery Tunnel
(CAT) Project in Boston (B/PB 1990), Phase II of the SAC
project (Somerville et al. 1997), and the USGS (Somerville and
Collins 2001).

Predating the work by NEHRP and USGS on the National Seis-
mic Hazard Maps, the CAT project developed a probabilistic
method based on the previous work of Cornell (1968) as imple-
mented in the Electric Power Research Institute (EPRI) program
(EPRI 1988). While the details of this method differ somewhat
from current USGS probabilistic seismic hazard analysis (PSHA),
the methods were similar. The resulting response spectrum for
the CAT project compared favorably to the USGS 2002 Uniform
Hazard Spectrum (UHS) points for Site Class B. Given more recent
standards in selecting suites (FEMA 2000a, b; ATC 2007), the epi-
stemic uncertainty in the PSHA for ENA and the level of variability
inherent in M and R discussed in this paper, the single motion pro-
duced in this study is not adequate to develop accurate reliability-
based assessments of collapse performance.

In response to steel moment frame connection failures under the
1994 Northridge Earthquake, the Structural Engineers Association
of California (SEAOC), the Applied Technology Council (ATC),
and the Consortium of Universities for Research in Earthquake
Engineering (CUREE) formed a large-scale research partnership
to investigate the cause of these failures and to develop improve-
ments to moment frame detailing requirements. This effort was
funded by FEMA and became known as the SAC project, taking
its initials from the first initial of each organization. Part of the
SAC project investigated the seismic performance of prototype
structures in three U.S. cities: Boston, Seattle, and Los Angeles
(FEMA 2000c). These cities were selected to represent areas with
different levels of seismic activity and varying tectonic environ-
ments (Somerville et al. 1997). Suites of 10 pairs of ground motions
were compiled for each city for 10% in 50 year and 2% in 50 year
events. The Boston suite included 6 simulated motions and 14
recorded motions. The recorded motions were from regions judged
to have a similar tectonic environment to Boston. The target spectra
used for the SAC project was the NEHRP spectrum for firm soil,
Site Class D, with additional probabilistic seismic hazard calcula-
tions for the point at T ¼ 4 s. Ground-motion records were selected
to match the target spectrum closely overall and match the spectrum
exactly at T ¼ 4 s.

The choice of T ¼ 4 s as an exact value resulted in drastic con-
sequences with respect to scaling requirements for some of the
motions. These scaling requirements significantly affected spectral
acceleration values in the short period range. For instance, the
Saguenay ground-motion records required scaling ranging from
4.48 to 9.58, violating a rule of thumb that scaling ought to be kept
between the bounds of 0.25 and 4.0 (Kramer 1996). Furthermore,
the questionable accuracy of the Saguenay records’ low-frequency
content (Boore and Atkinson 1992) suggests potential difficulties
in scaling this ground motion at all with respect to T ¼ 4 s.

Table 1. Base Shear Values for 9-Story Buildings Designed as SMRF and
OCBF for Boston Massachusetts under Various Model Codes

Code SMRF (kN) OCBF (kN)

UBC 1967 & MSBC 1970 1,673 4,045

UBC 1970–1973 3,351 8,099

MSBC 1975–1992 1,673 4,050

UBC 1976–1985 5,113 13,648

ATC 3-06, 1978 1,838 5,531

BOCA 1978–1984 1,673 3,044

ANSI 1982 2,140 5,131

ASCE 7-88 2,140 5,131

UBC 1988–1994 1,914 4,170

MSBC 1997 2,212 5,126

IBC 2003 1,437 3,787

IBC 2006 & MSBC 2008 1,215 4,383
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Fig. 1 shows that for periods less than T ¼ 4 s, this scaling pro-
duced motions with acceleration response spectra well in excess
of the other target UHS points. Somerville et al. (1997) discussed
the inaccuracy inherent in such scaling, and noted that the motions
were not to be taken very seriously as a result of it. Ultimately this
inaccuracy carried little consequence, since no major collapse per-
formance assessment studies were conducted for the SAC Boston
structures (Nelson 2007).

USGS Maps

The current seismic design procedures in the United States rely on
the PSHA performed by the USGS to characterize ground shaking

in terms of probabilities of exceedance. The probabilities are
derived from uncertainty in source location, source characteristics,
and ground-motion propagation from source to site. Design spectra
can be developed from the output of a PSHA and then used to
determine design ground motions. In WNA, faults and their source
characteristics are clearly identifiable and the results of a PSHA are
clearly related to a short set of potential sources. In ENA, data from
past earthquakes are sparse and potential sources are not well-
defined or known. Therefore, a PSHA in ENA uses a large set
of potential sources primarily developed from background seismic-
ity, which results in a broad range of sources (size and location).
Fig. 2 demonstrates this difference by comparing the deaggrega-
tions of 2% in 50 year probabilistic seismic hazard for Boston
and Los Angeles at T ¼ 1:0 s. Harmsen and Frankel (2001)
showed the geographic deaggregations of seismic hazard around
Boston for both 2% in 50 years and 10% in 50 years and at
T ¼ 0:2 and 1.0 s Sa. For 2% in 50 years at both periods, and
at T ¼ 0:2 s for the 10% in 50 years hazard, the Boston hazard
is dominated by local geographically distributed hazards, leading
to a range of M-R pairs that contribute to hazard. For the 10% in
50 year Sa at T ¼ 1:0 s, the more distant Charlevoix (St. Lawrence
Seaway) region begins to contribute to the hazard.

In Harmsen and Frankel (2001) and Harmsen et al. (1999),
deaggregations of seismic hazard are discussed in terms of devel-
oping design events. In Harmsen et al. (1999), the mean and modal
magnitudes and distances are compared for many cities in ENA.
For much of ENA, the New Madrid and Charleston sources domi-
nate hazard and can easily be used as design events using modal
magnitudes and distances. In Boston, however, for the 2% in
50 year hazard, local seismicity governs hazard and is distributed
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Fig. 2. 2% in 50 year (Frankel et al. 2002) deaggregations for Boston and Los Angeles at T ¼ 1:0 s (adapted from files downloaded from
http://www.usgs.gov)
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around the region (Harmsen and Frankel 2001). As a result, the
modal magnitude and distance for Boston is not sufficient to
describe the hazard.

In addition to modal magnitude and distance, there has been an
effort to include a mean or modal epsilon (ϵ) in developing design
events from the seismic hazard maps (Harmsen 2001; Baker and
Cornell 2005). In a geographic deaggregation, mean and modal
ϵ exhibit geographic patterns which can be related to the seismicity.
Active faults in California show high ϵ (> 2) whereas regions con-
trolled by smoothed seismicity (like Boston) have modal ϵ closer to
zero (Harmsen 2001).

Another difference between ENA and WNA is model (episte-
mic) uncertainty. Cao et al. (2005) presented model uncertainties
for the 2002 seismic hazard maps in California, and Cramer
et al. (2002) noted model uncertainties for the Southern Illinois
Basin. Similar studies have been performed for the New Madrid
region and regions in WNA (Cramer et al. 1996; Cramer 2001);
however, there has not been an uncertainty analysis for the New
England region. These model uncertainty studies use the Monte
Carlo approach to sample the different branches of the logic tree
used in developing the seismic hazard maps. The Southern Illinois
analysis is an uncertainty analysis of a region where the hazard is
controlled by smoothed local seismicity (similar to Boston). The
uncertainty studies give maps of coefficient of variation (COV,
the ratio of the standard deviation to the mean) for peak ground
acceleration or Sa. In California, the COV is low (between 0.1
and 0.3) for well parameterized faults and higher (0.4–0.6) for
poorly constrained fault systems (Cao et al. 2005). In the Southern
Illinois Basin, the COVs range from 0.2 to 0.7 (Cramer et al. 2002).
The higher COVs in Southern Illinois relative to California are
related to the greater uncertainty in the seismicity model. Similar
results would be expected in the New England region. The
Southern Illinois Basin COVs are based on 2% in 50 years hazard.
In Cao et al. (2005), COVs for California based on both 2% in
50 years and 10% in 50 years were developed. The COVs are gen-
erally higher for longer return periods; therefore, one would expect
that the COVs for 10% in 50 years in the Southern Illinois Basin
would be higher than those reported in Cramer et al. (2002).

While the uncertainty analysis based on the logic tree addressed
the uncertainty associated with competing models of seismic
hazard, there is additional model uncertainty associated with the
relatively poorly defined ENA models for seismicity, sources,
and ground-motion propagation. Researchers have provided evi-
dence of and presented models for less attenuation in wave propa-
gation, higher stress drop, and higher accelerations at high
frequencies for ENA earthquakes (e.g. Atkinson and Boore
1995; Atkinson 1996; Toro et al. 1997; Beresnev and Atkinson
2002; Atkinson and Boore 2006). All of these models were
developed with minimal data and therefore cannot be validated with
a high degree of confidence. Because ENA models are data limited,
they rely more on theory than the reciprocal models in WNA,
which are more controlled by data.

Considering these observations of the ENA hazard, two key
questions arise as to how an ENA suite of ground motions should
approximate spectral acceleration target levels based on the relevant
building code:
1. Should each of the records selected for the suite match the

target closely or should each of the records vary within
given bounds provided that the suite average approximates
the target?

2. How much variation within a record and a suite is
acceptable?
Researchers disagree on whether it is appropriate to try to match

the average of the ground motions selected for the suite with all of

the UHS points (Luco 2004). Recent studies have demonstrated,
however, that ENA structures are particularly susceptible to higher
mode effects attributable to the strong high-frequency content of
ENA motions and abrupt stiffness changes of low-ductility systems
in the nonlinear range (Hines et al. 2009).

Higher modes, combined with several possible damage states,
increase the number of natural periods at which a structure can
experience significant acceleration, and prevent the possibility of
establishing a best overall indicator of global structural response.
Alternatively, if individual ENA ground motions are allowed to
vary significantly, while in aggregate, they approximate the target
spectrum over a range of structural periods, some balance may be
achieved between ground-motion variation and the bounds of this
variation.

Simulated Ground Motions

To develop a sense for how much variation we would allow in
our suite of motions, we developed a procedure to characterize
three major types of uncertainty, associated with a set of UHS
points:
1. Aleatory uncertainty related to possibleM-R pairs contributing

to the seismic hazard, as expressed in a deaggregation of this
hazard.

2. Epistemic (model) uncertainty related to logic tree in the
PSHA.

3. Aleatory uncertainty related to spectral shape.
We adapted an “average” deaggregation for total seismic hazard

in Boston based on the USGS deaggregations individual UHS
points (Sorabella 2006). Based on this average deaggregation,
we simulated a suite of 102 ground motions, using an implemen-
tation of the stochastic method (Boore 2003) called SMSIM, soft-
ware developed by Boore (2005). Our input file contained the
parameters used for the Atkinson and Boore (1995) ground-motion
prediction equation for soil Site Class B. Table 2 lists theM-R pairs
used to produce the 102 simulated motions. Because the modal ϵ
from a geographic deaggregation of the national seismic hazard
maps for Boston gives values near zero (Harmsen 2001), we did
not control for ϵ directly in the simulations. We did, however, filter
the suite of 102 motions down to 40 motions according to the fol-
lowing procedure.

These 40 motions come from M-R pairs shown in bold in
Table 2 and were selected as follows. Epistemic uncertainty analy-
sis for the Southern Illinois region (Cramer et al. 2002) gave COVs
between 0.2 and 0.7 for the 2% in 50 year hazard level. Using a
COVof 0.5 and assuming that the spectral accelerations are lognor-
mally distributed, a confidence interval was developed for the UHS
points as shown in Fig. 3. We removed simulated motions where all
of the Sa values at T ¼ 0:0, 0.1, 0.2, 0.3, 0.5, 1.0, and 2.0 s differed
from the 2% in 50 year 2002 UHS points by more than one log-
normal standard deviation. This means that each motion in the suite
shown in Fig. 3 matches at least one UHS point to within �1 stan-
dard deviation, without any restrictions on the amount of deviation
between that motion and other UHS points. Requiring a motion to
match only one UHS point closely allows for rich variation within
the suite. The variation of the remaining motions in Fig. 3 was then
used to develop a concept for limiting the variation of a motion’s Sa
values at UHS points other than the one to which the motion was
matched.

Our consideration of epistemic uncertainty with respect to spec-
tral shape led us to the conclusion that a ground motion would be
considered acceptable for the suite if it matched at least one UHS
point very closely and did not vary from any other UHS point by
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more than a factor of approximately 2.0. We use the word “approx-
imately” here to allow some room for qualitative judgments with
respect to useful ground motions that may not conform strictly to
these bounds. Our considerations for arriving at these bounds of 0.5
and 2.0 were as follows.

Fig. 4 shows, for the 40 motion suite, the percentage of Sa values
that fall below the UHS points, and the percentage of Sa values that
fall below the upper bounds of two times the UHS points. Fig. 4
also shows that the median Sa values for the suite of 40 motions
falls well below the UHS points at T ¼ 0:5, 1.0, and 2.0 s. This
is consistent with the observation by Frankel et al. (2002) that
including the Atkinson and Boore (1995) in the construction of
the 2002 UHS points was largely responsible for a drop of approx-
imately 20% in the Sa at T ¼ 1:0 s. Since predictions based on
Atkinson and Boore (1995) were assigned a weight of 0.286 (to
be averaged with three other predictions) for the gridded seismicity
hazard, and were primarily responsible for reducing the 2% in
50 year Sa value at T ¼ 1:0 s, we thought it appropriate to refer
our suite to the UHS points themselves as opposed to interpreting
strictly the implications of the median curve in Fig. 4. For the pur-
poses of this study, Figs. 3 and 4 provide a conceptual framework
for addressing two types of uncertainty: epistemic (model) uncer-
tainty of the PSHA logic tree, and aleatory uncertainty related to
spectral shape.

While we were not able to derive rigorously bounds of 0.5 and
2.0, we favored these numbers for their simplicity and for their con-
sistency between UHS points. We judged that allowing these
motions into the suite was consistent with the spirit of the UHS
points, especially in light of the 75% reduction in the design
response spectrum values for Site Class B at T ¼ 2:0 s from the
6th edition (MSBC 1997) to the 7th edition (ASCE 7-05) of the
MSBC. Table 1 does not reflect the full extent of this 75%

reduction because it accounts for minimum forces in the case of
the SMRF and changes in R-factor in the case of the OCBF.

Rock Motion Selection

Because ENA motions are not readily available, records were
compiled from NUREG/CR-6728, a report prepared for the U.S.
Nuclear Regulatory Commission (McGuire et al. 2001). The data-
base, which we will refer to as the NUREG database, contains
1,900 ground motions from 50 different earthquakes.

While most of the earthquakes were recorded in the WNA [we
use Eastern North America (ENA) and Western North America
(WNA) in place of Eastern United (EUS) and Western United
States (WUS), used in the NUREG database] or in tectonic envi-
ronments similar to that of the WNA, seismologists working on the
NUREG project scaled the records using theoretical transfer func-
tions, so the records would be appropriate for the tectonic environ-
ment in ENA (McGuire et al. 2001). Of the 293 sets of ground
motions in the NUREG database that can be appropriately applied
to ENA, only 14 sets were recorded in ENA. All ENA ground mo-
tions chosen from this database will be referred to as ENA-mod.
The ENA-mod records behave as would earthquakes that occurred
in a tectonic environment similar to that of ENA and have higher
accelerations and peak in a higher frequency range than their WNA
counterparts.

For record selection, we centered acceptable Peak ground
acceleration (PGA) values on the UHS point value, 0.149 g, and
used records from the NUREG database if the PGA of one of
the orthogonal horizontal components for a particular record
was between 0.075 and 0.30 g. We considered records from earth-
quakes with magnitudes ranging between 5 and 7.5, and attempted
to select frequency content based a shape similar to that of the UHS
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Table 2. Magnitude-Distance Relationships Obtained from the Average Deaggregation of Seismic Hazard and Used for the Simulated Ground Motions

R (km) M # of motions R (km) M # of motions R (km) M # of motions R (km) M # of motions

13:62 5:0 10 86.61 6.0 2 169.83 6.5 1 412.16 7.0 1

32.41 5.0 5 117.92 6.0 2 11.80 7.0 2 568.32 7.0 1

58.93 5.1 1 128.36 6.0 1 36.07 7.0 5 35.92 7.4 1

14:56 5:5 5 170.37 6.2 1 62:05 7:0 4 61.72 7.4 1

33:73 5:5 5 14.93 6.5 2 86:11 7:0 4 86:78 7:4 1

61.09 5.5 2 36:73 6:5 3 123:41 7:0 5 125:80 7:4 1

87.64 5.5 1 61.46 6.5 2 172.13 7.0 2 173:78 7:4 1

14.74 6.0 5 85.82 6.5 2 219.49 7.0 2 384.31 7.4 1

35:68 6:0 8 118.82 6.5 1 273.21 7.0 1 597.24 7.4 1

61.30 6.0 4 126.06 6.5 2 357.62 6.9 1
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points. A similar methodology for the selection of ground motions
for site-specific analysis was employed byMalhotra (2003), though
Malhotra used amplitude scaling. Ground motions were selected
from the ENA-mod records only. Next, we filtered the records
so that only the records with spectral accelerations falling between
the upper and lower bound points remained.

Fig. 5 shows the suite resulting from bounds of approximately 2
and 0.5 for this study. This suite of motions, listed in Table 3 is
referred to as B2E-14 and contains a significant amount of variabil-
ity. The records fall within the artificial limits imposed by the
bounds of 2.0 at most locations, though certain records in the
ENA-mod suite exceed the upper bound. Judgments to allow slight
exceedance of the bounds were based on overall appearance of the
response spectra. Certain spectra met the numerical requirements
but were more redundant with respect to their contribution to suite
variation.

Site Classification

Subsurface conditions in Boston vary greatly depending upon the
location of the site because population growth during the nineteenth
and twentieth centuries resulted in infilling parts of the Boston
harbor to expand the city limits. As a result of the infilling, many
soil profiles in Boston contain deep deposits of fill and marine sedi-
ments, which is a sharp contrast to the soil profiles on the original
Boston peninsula that contain glacial till, a very dense sand and

gravel matrix (Johnson 1989). While no subsurface profile can
accurately describe all sites within a city, Johnson (1989) provided
three profiles (Profiles I, II, and III) that encompass the variability
in Boston soils.

Soil profiles I, II, and III were classified as Site Class D accord-
ing to chapter 20 of ASCE 7-05 (ASCE 2005). Although the three
soil profiles fell into Site Class D, the soil profiles ranged in shear
wave velocity from 213 to 323 m=s, within the bounds of 183 to
366 m=s prescribed for Site Class D. The differences in the proper-
ties of the three soil profiles are shown in Table 4. Soil Profile I was
selected for the amplification of the B2E-14 because it had the
lowest average shear wave velocity and was therefore the most
conservative according to IBC and ASCE 7 standards.

For this project, ground motions were propagated through
different soil profiles using Equivalent-Linear Earthquake Site
Response Analysis of Layered Soil Deposits (EERA) software
(Bardet et al. 2000), which is an implementation of the SHAKE
methodology (Schnabel 1972). EERA implements an equivalent-
linear technique to approximate the nonlinear response of soils
to vertically propagating shear waves in one-dimensional layered
media. See Sorabella (2006) for a detailed discussion of these
soil profiles, their modeling and their effects on ground-motions
characteristics.

Fig. 6 shows the B2E-14 suite of motions amplified to Site Class
D equivalent motions through Soil Profile I. This suite was named
B2E-14D and was used for the low-ductility steel braced frame
performance assessments discussed by Hines et al. (2008). Note
that above T ¼ 1:5 s, none of the amplified motions in the suite
produced higher spectral accelerations than the target MCE. This
contrasts with the corresponding rock motions depicted in Fig. 5
where the motions were selected to have an average that matched
the target UHS points up to T ¼ 2 s, and it demonstrates the effects
of soil profile properties on-site-specific ENA ground motions.
This difference between the high- and low-period ranges depicted
in Fig. 6 is familiar from site-specific studies commissioned for
buildings designed in Boston, and suggests that further work
should explore the relationship between rock-motion selection
and site-specific soil amplification.
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Fig. 5. B2E-14 ground-motion suite based on 2002 UHS points and
bounds of approximately 2.0

Table 3. B2E-14 ground-motion suite based on 2002 UHS points and
bounds of approximately 2.0

Earthquake Record Magnitude Distance

Mammoth Lakes ER-A-LVL000 6.0 19.7

ER-A-LVL090

Tabas ER-FER-L1 7.4 94.4

ER-FER-T1

Landers ES-H05000 7.3 69.5

ES-H05090

Kocaeli ER-MCD000 7.4 62.3

ER-MCD090

San Fernando ES-SJC033 6.6 104

ES-SJC303

Northridge ER-SOR225 6.7 54.1

ER-SOR315

Morgan Hill ER-CLS220 6.2 22.7

ER-CLS220

Table 4. Properties of Typical Boston Soil Profiles

Depth of soil
column (m)

Fundamental
period (s) Vs30 ðm=sÞ

Profile I 41 0.76 213

Profile II 23 0.37 287

Profile III 22 0.34 323
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Fig. 6. B2E-14D suite amplified through Soil Profile I (Site Class D)
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Effects on Collapse Performance Assessment

The two primary documents discussing reliability-based collapse
performance assessment procedures, FEMA-350 (FEMA 2000b)
and ATC-63 (ATC 2009), recommend scaling selected ground mo-
tions to the first elastic natural period [SaðT1Þ]. This approach poses
two problems for low-ductility systems subjected to ENA motions.
1. It ignores higher mode effects.
2. It ignores changes in structural period attributable to damage.
Our experience with low-ductility braced frame systems taller

than 6 stories is that the first three modes can become active at rel-
atively comparable levels, and it is not uncommon for a given struc-
ture to experience at least two independent damage states during a
single ground motion. For systems where damage consists of frac-
tured braces, and hence radical and irreversible changes in elastic
structural periods, the total number of relevant periods during a sin-
gle ground-motion increases. This aggregation of modes calculated
for the damaged structures differs for each ground motion. For a
suite of 14 ground motions, even if only one significant damage
state is expected for each ground motion, the theoretical number
of relevant structural periods corresponds to 3 modes for the
undamaged structure þ (3 modes for the damaged structured for
each motion) × (14 motions) ¼ 45 modes. Fig. 7 shows vertical
lines corresponding to periods calculated for the undamaged and
damaged structure of a 9-story chevron braced frame under the
B2E-14D suite discussed in this paper. In response to this wide
range of relevant structural periods, we have preferred to select
a diverse suite of unscaled ground motions, tracking collapse as
their DM and their incremental dynamic analysis (IDA) scale factor
as our intensity measure (IM) instead of SaðT1Þ (Hines et al. 2008).

Several previous researchers have discussed the inadequacy of
scaling to a single target point, however they did not address prac-
tical considerations for several target periods based on the com-
pounding effects of both structural damage and higher modes
(Shome and Cornell 1997; Cordova et al. 2002; Baker and Cornell
2005). Luco and Cornell (2007, p. 382) summarized these efforts in
detail and investigated intensity measures (IM) that accounted for
combinations of higher elastic modes and inelastic response. In
their discussion, they noted that “the only perfectly efficient and
sufficient (not to mention unbiased) ground-motion intensity mea-
sure is the demand measure of interest itself.” For the case of low-
ductility structures in moderate seismic regions, where
inelastic damage states differ from ground motion to ground
motion, collapse is the relevant DM, and so few studies have been

conducted to date; it makes sense currently to focus on behavior
under the widest range of possible excitation rather than on the
development of efficient methods of assessment.

Conclusions

Studying earthquake hazard in ENA presents difficulties that
require thinking about ground-motion suite selection in ways that
differ from current standards in high seismic regions. Boston does
not have a wealth of data from past earthquakes that can be used to
characterize a typical Boston earthquake or predict a future earth-
quake. The location of a potential future earthquake is difficult to
pinpoint because faults in Boston are not well defined or known.
While some knowledge about the characteristics of ENA earth-
quakes does exist (less attenuation in wave propagation in ENA,
higher stress drop, higher accelerations at high frequencies,
etc.), it has not been confirmed by recent events. The uncertainty
(both epistemic and aleatory) with respect to implied ground-
motion intensity in the accelerations developed for Boston from
the USGS PSHA is not easily quantifiable. This uncertainty, com-
bined with the significant higher mode effects and damage depen-
dent structural periods inherent in low-ductility structures cast
doubt on the selection of ground-motion suites tied confidently
to a single elastic structural period value or even two structural
period values. Finally, the long return periods in ENA have
prompted researchers for the past 30 years to consider collapse
the only relevant DM for low-ductility structures in moderate
seismic regions.

We proposed a method of ground-motion suite selection for
ENA that recognizes both uncertainty with respect to ground-
motion intensity and as many significant structural periods as nec-
essary to characterize response. This method requires individual
motions to match a target acceleration response spectrum at only
a single UHS point, while allowing all differences at every other
UHS point of as low as 0.5 and as high as 2.0. The bounds them-
selves may be adjusted based on future research, but their use in
allowing spikes and valleys in individual ground-motion accelera-
tion response spectra should be considered in general for moderate
seismic regions.

Allowing such variation within a given suite not only provides
a way to account for uncertainty with respect to ground-motion in-
tensity, but it also avoids the need to scale ground motions. Fur-
thermore, allowing rich variation within a given suite recognizes
the fact that higher modes and developing damage states in low-
ductility structures may produce structural behavior that cuts across
the frequency spectrum at different times during a ground motion.
Soil column analyses tended to regularize ground-motion acceler-
ation response spectra, endowing them with higher spikes near
resonance of a particular soil column and diminishing spectral
accelerations for higher periods. While considered to be realistic,
this behavior represents significant departure from the traditional
two-part uniform amplitude scaling approach as outlined in ASCE
7. Therefore, site-specific analyses in moderate seismic regions
should consider both ground-motion variation and response spec-
trum analysis, accounting for at least 90% mass participation, so as
to avoid sanctioning design based on low values for SaðT1Þ.
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