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Abstract: Input ground motions have significant impacts on the uncertainty of structural responses in time-history
analysis. In this study, records were selected and scaled for the evaluation of mean structural responses according to the target
spectrum. The Newmark-Hall spectrum is closely related to seismic response of short, medium and long-period structures, so
it was taken as the target spectrum here. The nonlinear time-history analyses of 9-story and 20-story steel moment-resisting
frame structures were carried out as examples. They represent medium and long-period buildings, respectively. Three target
spectra with risk of 50%, 10% and 2% probabilities for exceedance in 50 years were calculated by the average Newmark-Hall
spectrum method for three ground motion sets developed in the SAC Steel Project. The predicted structural mean responses
of these Newmark-Hall spectra were compared with those calculated by the average spectral acceleration method for the same
record set. It is found that both methods have similar accuracy for estimating the structural mean response. However, the
method proposed herein is more effective in reducing the variability of the structural responses. Also, the proposed method is
more advantageous for the time-history analysis of long-period structures or structures with more severe nonlinear responses
under strong seismic excitations.
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1 Introduction

The nonlinear time-history analysis is a widely
accepted method for seismic design and assessment
of structures, e.g., high-rise buildings and large-span
bridges. According to the seismic codes, the nonlinear
time-history analysis is the most commonly used process
used process for performance-based design (Bommer
and Acevedo, 2004). In general, the analyses of structural
dynamic response present unacceptable variability when
several random records are used as inputs (Padgett
and Desroches, 2007; Katsanos et al., 2010; Katsanos
and Sextos, 2017). Therefore, an appropriate method
for ground motion selection and modification should
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be adopted to reduce the bias and dispersion in the
structural time-history analysis. In other words, a few
scaled records should be used to accurately predict the
structural mean responses with reduced record-to-record
variability (Reyes et al., 2014).

Since the 1990s, various methods have been
developed to solve the complex problem of selecting
and scaling earthquake records (PEER GMSM Working
Group, 2009; Marasco and Cimellaro, 2017; Mergos
and Sextos, 2019; Lombardi et al., 2019; Moschen et
al., 2019; Theophilou, 2018). Among various methods,
spectral matching is the most widely used in recent
decades (Reyes et al., 2014). Also, for structural analysis,
the set of records, whose earthquake spectra values are
compatible with the predefined target spectrum, can
be considered as the optimal input ground motions.
Therefore, defining the target spectrum is a critical point
for selecting and scaling earthquake records.

The uniform hazard spectrum (UHS) is a prevalent
alternative target spectrum derived from the probabilistic
seismic hazard analysis (PSHA) for a specific site
(Cornell, 1971; McGuire, 2004). UHS assumes an equal
probability of exceedance for the spectral accelerations
during the entire structural period range. However, the
spectral values at each period are unlikely to occur
simultaneously in a single earthquake (Malhotra, 2011).
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Baker (2011) realized the limitation of UHS and then
proposed the “conditional mean spectrum” (CMS),
which can account for correlations among spectral
accelerations for all periods. CMS is conditioned on the
occurrence of a target spectral acceleration value at the
period of interest. It utilizes an epsilon parameter (¢) that
reflects the spectral shape and closely correlates with the
structural response under real ground motions (Baker and
Cornell, 2006; Haselton, 2009; Baker, 2011; Baker and
Lee, 2017). Thus, CMS has attracted extensive attention
and has been used in many applications (Mahmoud,
2008; Wang, 2015) because it can accurately estimate
nonlinear structural responses (PEER GMSM Working
Group, 2009) of multi-degree-of-freedom (MDOF)
structures. However, for long-period structures, the
responses are significantly influenced by multiple
vibration modes. Also, CMS cannot realize that the
spectral accelerations at these mode periods have an
equal probability of exceedance. Thus, CMS may
not be conservative for several structural response
quantities (Carlton and Abrahamson, 2014; Kwong
and Chopra, 2017). Note that, in the present study,
the above-mentioned target spectra are performed on
spectral accelerations to have a better correlation with
the dynamic responses of short-period and/or medium-
period structures. However, for long-period structures,
such as high-rise buildings and large-span bridges,
spectral accelerations may not be the optimal choice
for the target spectra; instead, displacement response
spectra is usually the better choice. Therefore, Chen et al.
(2018) proposed a selection and scaling records methods
which can match multiple target spectrum, including
acceleration and displacement response spectra.

During the 1970s, Newmark and Hall (1969) found
that for relatively low frequencies, the maximum
displacement response is almost equal to the peak
ground displacement (PGD). Also, they found that for
high frequencies, the maximum acceleration response
is equal to the peak ground acceleration (PGA). In
addition, they found that for medium frequencies, the
maximum response is more affected by the peak ground
velocity (PGV). In fact, some studies indicated that
the structural responses are correlated with the ground
motion intensity measures (IMs). Zhang et al. (2017)
identified and compared the correlation between 19
IMs and the maximum inter-story drift ratios of two
super high-rise buildings, e.g., 61-story and 118-story
buildings. Note that in the study of Zhang et al. (2017),
most IMs considered the multiple modes of structures.
They proposed a spectral velocity-based IM with
superior sensitivity to the structural responses of super
high-rise buildings. In their work, a decrease in the
variation of structural seismic demands can be achieved
by the combination of peak ground motion parameters,
such as PGA, PGV, and PGD, and spectral responses.
Riddell and Garcia (2001) and Riddell (2007) identified
the correlation between the deformation demands and the
energy response of single-degree-of-freedom (SDOF)

systems and 23 IMs. They found that these IMs failed
to show any satisfactory correlations with the system’s
displacement responses or hysteretic energy in all three
spectral regions simultaneously. In other words, IMs
developed from PGA, PGV, and PGD are sensitive to
the short, medium, and long-period structural responses,
respectively. Based on spectrum amplification factors
in different sensitive regions of PGA, PGV, and PGD,
Newmark and Hall (1982) proposed a smooth elastic
design spectrum called the Newmark-Hall spectrum.
This spectrum has a natural and perfect correlation with
the short, medium, and long-period structural responses.
To date, the Newmark-Hall spectrum has been widely
used in many building standards (ASCE 4-98, 2000;
CSA, 2010). Also, some related deeper insights were
provided for deriving the design spectrum combined
spectral accelerations versus spectral displacements
(Calvi et al., 2018).

However, in the past, it was not easy to accurately
obtain PGD because the acquisition of real ground
motions and the backward processing technology of
earthquake records were limited. Thus, the development
and application of the Newmark-Hall spectrum were
limited. Fortunately, in recent years, a huge number
of real strong-motion records have been significantly
obtained around the world. Moreover, the technology
for recording and processing earthquake ground motions
has been developed together with global position
systems (GPSs) so that the accurate acquisition of PGD
has become available. In addition, the Next Generation
Attenuation (NGA) project of Pacific Earthquake
Engineering Research Center (PEER) has proposed a
new empirical ground motion model for PGA, PGV,
PGD, and 5% damped linear elastic response spectra
(Campbell and Bozorgnia, 2008). The above-mentioned
factors can help develop and modify the Newmark-Hall
spectrum satisfactorily (Li et al., 2016; Palermo et al.,
2014) so that it can be considered as the target spectrum
for structural time-history analysis.

This study aims to develop a selection and
modification method for conventional earthquake
ground motions. This method will be applicable in all
short, medium, and long-period structures. Therefore,
the Newmark-Hall spectrum, plotted by four logarithmic
scales, is regarded as the target spectrum. A preliminary
evaluation of the ground motion selection and scaling
method with the target spectrum of the Newmark-Hall
spectrum (N-HM) is conducted through the nonlinear
time-history analysis of two tall buildings. The method
using a Newmark-Hall spectrum as a target spectrum
is denoted by N-HM. These buildings are 9-story and
20-story steel moment-resisting frame structures,
representing medium and long-period structures,
respectively. During spectral matching, the least squares
method is used to quantify the residuals between the
record’s scaled spectrum and target spectrum. Then, it
will be shown that when the Newmark-Hall spectrum
is taken as the target spectrum, the scale factors of the
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records are mainly affected by the velocity-sensitive
regions of the 9-story and 20-story structures.

2 Target Newmark-Hall spectrum for time-
history analysis

2.1 Description of the spectrum

For the structure of a single-degree-of-freedom
(SDOF) with a period of T, the spectral displacement
response is S (7). The pseudo-velocity response
spectrum PS (7) and the pseudo-acceleration response
spectrum PS, (7) can be determined by Egs. (1) and (2).

PS,(T) = @Sy(T) ()

PS(T)=w*S(T) )

where @ is the structural natural circular frequency

2n
equal to w =—.
T

PS (1), PS, (T), and S, (7) can be plotted by four
logarithmic scales named as tripartite response spectra,
and can be smoothed by the method proposed by
Newmark and Hall (1982). The principle of smoothing
and developing the Newmark-Hall design spectrum are
illustrated in Fig. 1.

For a specified ground motion, the El Centro record
is taken as an example, which is shown in Fig. 1. As
can be seen, the pseudo-velocity response spectrum
is replaced by multiple lines of a-b-c-d-e-f in the
four-way logarithmic plot. The spectra amplitudes
for the acceleration-sensitive, velocity-sensitive, and
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Fig. 1 Smoothed Newmark-Hall design spectrum for El Centro
record with 7. =1/33s, T, =1/8s, T, =0.52s, T, = 2.02 s,
T.=10s,T,=33s,a, =2.23,a,~1.91, and = 1.40

displacement-sensitive frequency bands are calculated
by the multiplication of acceleration-amplification
factor «, and PGA, the multiplication of velocity-
amplification factor a,, and PGV, and the multiplication
of displacement-amplification factor a, and PGD,
respectively. Note that Hall ef al. (1976) for the corner
periods recommended the values of 7, = 1/33 s, 7, = 1/8 s,
T,=10s, T, = 33 s. Note that the values of the corner
periods, 7, and T, are not constant, and they depend
on the relationships between the spectral values of b-c
(acceleration-sensitive), c-d (velocity-sensitive,) and
d-e (displacement-sensitive). Also, to obtain 7 and T,
the equal-area criterion is used between the pseudo-
velocity response spectrum of the specified record and
the smoothed Newmark-Hall spectrum.

2.2 Definition of the target spectrum

Somerville et al. (1997) proposed three sets of ground
motions assembled for the geographic locations in Los
Angeles as a part of the SAC Steel Project. These sets of
records were selected based on the probabilistic seismic
hazard analysis (PSHA). They matched with the design
response spectra defined in the National Earthquake
Hazards Reduction Program (NEHRP 1994 (FEMA,
1997)) provisions. The three sets of records represented
seismic hazard levels with the 50%, 10%, and 2%
probabilities of exceedance in 50 years, respectively.
It is worth mentioning that they were also referred to
as 50/50, 10/50, and 2/50 sets or seismic hazard levels.
Each set comprised 20 time histories, representing 10
ground motion stations with two orthogonal record
components. Also, most sets are real earthquake records,
but the record set of 2/50 seismic hazard level includes
several simulated ground motions.

In the present study, the benchmark buildings of
the 9-story and 20-story steel moment-resisting frame
structures of the SAC Phase II Steel Project are used for
the time history analysis (Ohtori et al. 2004). Not only
the three record sets are used to build the target spectra,
but also the average structural responses under these
three record sets are defined as the benchmark mean
demands. The pseudo-velocity response spectrum from
each record has to be smoothed to the Newmark-Hall
spectrum (the principle of smoothing is illustrated in
Fig. 1). Then, the average smoothed Newmark-Hall
spectrum from each set of records is defined as the target
spectrum for various seismic hazard levels (Fig. 2). The
damping ratio of these pseudo-velocity response spectra
is 2%, which is consistent with that of the analyzed
structures. Detailed properties of the structures are
described in Section 3.1.

2.3 Scaling method of ground motions

The residuals between the record’s scaled spectrum
and the target spectrum are minimized between 7T
and 1.57 using the least squares method, which can
minimize the scaling factor of each record. m is the
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Fig. 2 Target Newmark-Hall spectrum at 50/50, 10/50, and
2/50 hazard levels, £=2%

number of vibration modes, which can ensure that the
cumulative modal mass participation ratio is greater than
90% (Beyer and Bommer 2007; Katsanos and Sextos
2017), considering the effects of the higher mode for the
structural responses. According to ASCE 7-10 (ASCE
2010), the upper bound is 1.57,.

When the Newmark-Hall spectrum is defined as
the target spectrum, the period ranging from 7 to
1.57, must cover two or three sensitive regions in the
spectrum. Therefore, the residuals (SSE) should be the
sum of squared errors calculated using PS,, PS,, and
S, in spectral acceleration, velocity, and displacement-
sensitive regions, respectively. Thus, SSE, is calculated
as:

L 2
SSEx = . [InSF-PS, (1)~ In PS{(T) | +
E:Tm
T,

2 [InSF-PS (1)) ~In PSY(T) | +

Jﬂ
(,’\]

1~

.5

[lnSF -Sy(T)—1nS; (T,-)]2 (3)

7;:

P

where PS(T), PS(T), and S(T) are the record’s
unscaled spectral acceleration, spectral velocity, and
spectral displacement based on the Newmark-Hall
spectrum. Also, their counterparts for the Newmark-Hall
target spectrum are PS; (7;), PS,(T;), and Sq(T),
respectively. T, and 7 are the corner periods for the
target spectrum or the record’s spectrum, and SF° is the
linear scaling factor of the record.

Equation (3) can also be described into Eq. (4) and
its three parts have no units, so the various units in PS_ (7)),
PS (T),and S, (T) have no effects on the residuals (SEE, ).

T 2
_ SF-PS,(T})
i SF-PS, (T) Z SF Sd(T)
PS{(T}) = Si(T) (4)

c

Nevertheless, corner periods 7, or T are usually
different between the target spectrum and the records.
Thus, SSE\ is not easy to calculate by Eq. (3).
Fortunately, PS,(T), PS,(T),and Sy(T) are related
to each other by the structural natural circular frequency
(w) as shown in Eq. (5).

PS,(T)=wPS,(T)=a*Sy(T) (5)

When Eq. (5) is substituted into Eq. (3), and SSE is
rewritten, then Eq. (6) can be obtained; it only includes
the pseudo-velocity response spectrum. Thus, the
calculation becomes easier.

SSEy =Zn;[1n(SF.PSV (T))-InPS! (T,.)T (6)

i=1

where the parameters have the same definitions as in Eq. (3),
and PS$ ( 7;) is the target Newmark-Hall spectrum at
period 7. As shown in Eq. (7), SF is the scaling factor
by which SSEy is minimized by setting the derivative
to zero, i.e., dSSE, /dSF =0.

IS pstry -
nsF =23 [nPSUT) -nPS,@]

2.4 Ground motions for selection

In recent years, several strong-motion databases,
which make real earthquake records more accessible
in structural time-history analysis, have been greatly
developed. Therefore, in the present study, only real
records are selected and scaled. Table 1 shows that
the selection and scaling of real records, which are 40
components, are carried out from 20 stations with two
orthogonal components in the PEER NGA databank.

Except for I-ELC180, I-ELC270, TAF021, and
TAF111, the components in Table 1 are all different
from that proposed in ground motion sets in the SAC
project (Somerville, 1997). The records are from six
earthquake events and selected following the simple
rules of Miranda and Ruiz-Garcia (2001) as: (1) moment
magnitude (M) is greater than or equal to 6, (2) fault
rupture distance (dR, )1s in the range of 2040 km,
and the near-fault ground motions are removed, (3) site
conditions (NEHRP 1994) are assumed as soft-rock (site
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class C), and stiff soil (site class D), and V_, is in the
range of 180-760 m/s, (4) PGA is greater than or equal
to 0.15 g, and (5) the lowest useable frequency, less than
or equal to 0.2 Hz, is assumed. Note that these rules are
determined based on the assumption that the ground
motions can cause damage to the structures.

2.5 Selecting and grouping the records

For the 9-story and 20-story structures at three
seismic hazard levels, Fig. 3 shows SFs of the 40
earthquake record components calculated by the N-HM
method using Eq. (7). Note that the results are obtained

Table 1 20 stations with two-component ground motions

nuIrll)ber Component Event Station M, (dklfr“lp) P((;;A (l;(j/\sl) }()‘SB
1 AND270 Loma Prieta 1652 Anderson Dam 7.0 21.40 0.24 20.3 7.7
2 AND360 (89/10/18) 024 184 67
3 BLD090 Northridge 24157 LA - 6.7 31.30 024 149 62
4 BLD360 (94/01/17) Baldwin Hills 017 176 4
5 CCN090 Northridge 24389 LA - 6.7 25.75 026 211 67
6 CCN360 (94/01/17) Century City 022 252 57
7 CLW-LN Landers 23 Coolwater 7.3 21.20 0.28 25.6 13.7
8 CLW-TR (92/06/28) 042 423 138
9 TCU047-N ChiChi Tcu047 7.6 33.01 041 402 222
10 TCU047-W (99/09/20) 030 416 511
1 TCU095-N ChiChi Tcu095 7.6 43.44 071  49.1 245
12 TCU095-W (99/09/20) 038 620 518
13 WST000 Northridge 90021LA - N 6.7 29.00 040 209 23
14 WST270 (94/01/17) Westmoreland 0.36 20.9 43
15 TCUO045-N ChiChi Tcu045 7.6 24.06 0.50  39.0 143
16 TCU045-W (99/09/20) 047 367 507
17 I-ELC180 Imperial Valley 117 El Centro 6.9 8.30 0.31 29.8 13.3
18 -ELC270 (40/05/19) Array #9 021 302 239
19 TAF021 Kern County 1095 Taft Lin-coln 7.7 41.00 0.16 153 92
20 TAF111 (52/07/21) School 0.18 175 9.0
21 CHY036-N ChiChi CHY036 7.6 20.38 021 414 342
2 CHY036-W (99/09/20) 029 389 212
23 FARO000 Northridge 90016 LA - 6.7 23.90 027 158 3.3
24 FAR090 (94/01/17) N Faring Rd 024 298 47
25 GLP177 Northridge 90063 Glendale - Las 6.7 25.40 0.36 12.3 1.9
26 GLP267 (94/01/17) Palmas 021 7.4 1.7
27 HCH090 Loma Prieta 1028 Hollister 7.0 28.20 025 385 178
28 HCH180 (89/10/18) City Hall 022 450 261
29 H-CHIOI2  Imperial Valley 6621 Chihuahua 6.5 28.70 027 249 9.1
30 H-CHI282 (79/10/15) 025 301 129
31 STN020 Northridge 90091 LA - Saturn St 6.7 30.00 047 346 65
32 STN110 (94/01/17) 044 390 64
33 SVL270 Loma Prieta 1695 Sunnyvale - 7.0 28.80 0.21 37.3 19.1
34 SVL360 (89/10/18) Colton Ave. 021 360 169
35 TCU042-N ChiChi TCU042 7.6 23.34 020 393 239
36 TCU042-W (99/09/20) 024 448 469
37 TCU107-N ChiChi TCU107 7.6 20.35 0.16 474 328
38 TCU107-W (99/09/20) 0.12 368 398
39 YER270 Landers 22074 Yermo Fire 7.3 24.90 025 515 438
40 YER360 (92/06/28) Station 0.15 297 247
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by the conventional method that takes the acceleration
spectrum with arithmetic values as the target spectrum
(Kalkan and Chopra, 2010). The method using an
acceleration spectrum as a target spectrum is denoted
by A-SM. The residuals of A-SM are denoted by SSE,.
The A-SM methods can be found in Kalkan and Chopra
(2010).

The SF's of the 9-story structure calculated by the
N-HM method are larger than that calculated by the
A-SM method for most of the components and at all
three seismic hazard levels. For the 20-story structure,
SF's calculated by the N-HM method are rather close to
that obtained by the A-SM method at all three seismic
hazard levels, except for components No. 25 and 26.
Additionally, as shown in Figs. 4(c) and 4(f), there are
few records of which SFs are very large; for example,
GLP177 (ID: 25, SF = 7.21 and 18.73), GLP267 (ID:
26, SF = 8.50 and 25.83). Note that scaling factors
exceeding 67 (or even less) are not adopted to scale
records for time-history analysis. Thus, these heavily
scaled motions are not selected and not used in the time-
history analysis of these two buildings.

Figure 4 shows the relative errors of SFs of the 40
earthquake record components calculated by the N-HM

&
1
9 1234567 89101112131415161718192021 222324252627 2829 303132 33 34 353637383940
ID Numbers of components
(a) 9-story, 50/50
9
8
1
6
I, 5
Dy
3
2
1
9 1234567 89101112131415161718192021 222324252627 2829 303132 33 34 353637383940
ID Numbers of components
(c) 9-story, 2/50
10 13.30
20-story, 10/50
8
6
&

1234567 891011121314151617 181920212223 242526272829 30 3132 33 34 35 36 37 38 39 40
ID Numbers of components

(e) 20-story, 10/50

and A-SM methods. The relative errors of the SFs are
defined as the difference between the SFs by N-HM
and the SFs by A-SM divided by the SFs by A-SM.
The relative errors of SF's at three seismic hazard levels
are rather close to each other for the same structure.
Also, they are insensitive to the seismic hazard levels.
Among all 40 components, the relative errors for the
9-story structure are almost positive, meaning that SF's
calculated by the N-HM method are larger than those
by the A-SM method. However, half of the components
have negative relative errors for the 20-story structure.
In other words, the relative errors for the 9-story
structure are larger than those for the 20-story structure
at the same hazard level. Note that the larger values in
the target spectrum are more effective in determining
SSE, (SSE,) and SFs. The matching period regions for
the 9-story and the 20-story structure are marked in Fig. 2.
It can be seen that SSE (SSE,) and SFs for the 9-story
structure mainly depend on the acceleration-sensitive
region and the velocity-sensitive region, while for the
20-story structure, they depend on the velocity-sensitive
region and the displacement-sensitive region. When the
acceleration spectrum with linear coordinate is taken
as the target spectrum, SFs of the 9-story structure

9-story, 10/50

1234567 89101112131415161718192021 222324252627 2829 303132 33 34353637 383940
ID Numbers of componets

(b) 9-story, 10/50

20-story, 50/50

1234567 89101112131415161718192021 222324252627 2829 30313233 34 353637383940
ID Numbers of components

(d) 20-story, 50/50

18.73 25.83
20-story, 2/50

12345678 910111213 14151617 1819202122 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
ID Numbers of components

(f) 20-story, 2/50

Fig. 3 Comparison of SFs calculated by N-HM and A-SM
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with a fundamental period of 2.15 s (see Table 4) is
influenced more by the acceleration-sensitive region,
This is explained by the theory of vectors in (Zhang et
al., 2020) .When the Newmark-Hall spectrum is taken
as the target spectrum, SF's of the 9-story structure are
affected more by the velocity-sensitive region (Fig. 2).
They result in the different SF's of the N-HM method and
the A-SM method. However, for the 20-story structure,
SSE, (SSE\) and SFs are both more dependent on the
velocity-sensitive region when the acceleration and
Newmark-Hall spectra are taken as the target spectrum.
Thus, the differences of SF's from these two methods are
more minor for the 20-story structure than those for the
9-story structure.

The number of records required for dynamic analyses
significantly affects the estimation of the mean structural
responses. In general, at least three records are required
in some seismic codes (e.g., Eurocode 8 (CEN, EN 1998-
3, 2005), ASCE 7-10 (2010), DOE (2002)). Shome et
al. (1998) demonstrated that seven records are suitable
to obtain acceptably low dispersive results. Reyes and
Kalkan (2011) suggested that increasing the number
of records from seven to 10 has a minor effect on the
estimation accuracy of the structural response. However,
if the statistical distribution of the structural responses
or the probability of structural collapse is considered in
the analysis, the required number of records can even
be greater, i.e., at least 30 (Catalan et al., 2010) or 60
(Wang, 2011).

The present study aims to investigate the difference
between the structural mean response subjected to the
records selected by the N-HM and A-SM methods. In
addition, the present study aims to verify the feasibility
selection of the Newmark-Hall spectrum as the target
spectrum. Therefore, four different numbers of records,
including 3, 7, 10, and 14, are adopted. Moreover, only
one horizontal component of a station is selected to
avoid the influence of the interdependency between both
components recorded in the same station. The records
with a minimum SSE| (SSE,), and with SF’ close to one
have more priority of being selected for the time-history
analysis of structures. Note that all 40 components are
ranked according to the above-mentioned principles.
The first 14 components selected by the N-HM and
A-SM methods at three seismic hazard levels for both
buildings are listed in Tables 2 and 3, respectively. Note

—e—F9-50/50
80 A —4—TF9-10/50
‘ —=—F9-2/50

12345678 910111213141516171819202122232425262728293031323334353637383940
ID numbers of components

(a) 9-story

that the numbers in Tables 2 and 3 are the corresponding
ID numbers in Table 1.

According to the principles, which are minimum
SSE, (SSE,) and SF close to 1.0, the ranking process of
the ground motions is not limited by strict qualitative
parameters. Note that the components of six record
stations have been removed because they have too large
SF or SSE and thus are not suitable for time-history
analysis. For the same building and at the same seismic
hazard level, there are five to nine stations from which
the one or two components of the records are selected by
the N-HM and A-SM methods.

The ground motion groups using the N-HM method
are referred to as Gi (i=3, 7,10, 14), and the
groups using the A-SM method are referred to as
Gi (i =3, 7, 10, 14 ), where i represents the required
number of record’s components in the group which
includes the first to the ith ground motions in Tables 2
or 3.

The components in groups Gi and Gi are not always
the same, but all components in group Gi ( Gi ) are included
in group Gj (Gj)if j >i.The orders of sequence of the
selected components in the same ground motion group
have no effect on the results of the time-history analysis
because the average responses of each building are
considered under each group.

Figure 5 shows the average spectrum of Gi
(i=3, 7,10, 14) and the target spectrum for the
20-story structure at the 2/50 hazard levels. The
calculation for the smoothed average Newmark-Hall
spectrum of Gji (i=3, 7,10, 14) is based on the
suggestions of Newmark et al. (1973) and Li et al
(2006). The average spectrum of each group is similar
with the target spectrum at the acceleration-sensitive
and velocity-sensitive frequency bands but not at the
displacement-sensitive frequency band.

3 Analysis of nonlinear structural response

3.1 Structural models

The 9-story and 20-story steel moment-resisting
frame structures used in this study are designed for the
SAC Phase II Steel Project (Ohtori ef al., 2004) assuming
that it would be located in Los Angeles. In fact, the

100 —e— F20-50/50
80 —a—F20-10/50
—=—F20-2/50

1234567 8910111213141516171819202122232425262728293031323334353637383940
ID numbers of components

(b) 20-story

Fig. 4 Comparison of the relative errors of SFs calculated by N-HM and A-SM
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buildings are not constructed, but they still can represent
typical medium and high-rise buildings in regions with
high risk of earthquakes. The plan's dimensions of
9-story and 20-story structures are 45.73 m x 45.73 m and
30.48 m x 36.58 m, and their heights are 37.19 m and

80.77 m, respectively. The lateral load-resisting systems
of both buildings are comprised of steel-perimeter and
moment-resisting frames. More detailed information
is provided in the literature, e.g., Ohtori et al. (2004),
Gupta and Krawinkler (1999), and Chopra (2004).

Table 2 Selected components for the 9-story structure at three seismic hazard levels

50/50 10/50 2/50
Sequence N-HM A-SM N-HM A-SM N-HM A-SM

ID* SF SSE, ID SF SSE, ID SF SSE, ID SF SSE, 1D SF SSE, ID SF SSE

1 15 1.0 o001 15 10 035 30 22 002 35 24 094 22 26 013 5 41 39
2 17 1.1 004 17 10 044 40 27 038 18 22 1.02 10 3.0 0.13 35 42 3.63
3 5 12 008 36 12 046 36 19 065 5 23 108 18 35 021 39 32 427
4 12 08 0.12 9 09 047 18 20 065 40 25 148 36 33 022 28 25 487
5 19 20 000 32 08 050 10 1.8 078 3 27 171 27 36 08 18 3.8 426
6 3 1.7 025 3 1.6 048 8 1.3 216 15 16 183 30 38 180 30 32 556
7 9 1.0 029 6 13 061 22 15 242 20 30 198 39 31 256 38 33 7.06
8 1 14 0.68 7 10 064 16 1.5 272 30 1.8 222 34 35 490 22 24 7.07
9 8 07 161 19 18 0.56 4 28 364 9 15 229 8 22 667 15 28 928
10 29 12 199 29 1.1 0280 6 24 389 27 1.7 265 16 26 776 10 24 10.83
11 40 1.5 336 12 08 081 27 21 431 31 1.7 28 12 24 1039 19 53 951
12 14 1.3 878 1 1.3 08 12 14 447 1 22 287 6 42 779 3 46 1121
13 36 .. 995 40 14 087 20 34 556 22 13 317 4 49 917 1 39 13.02
14 31 1.1 1137 24 12 1.02 1 24 7.6 8 1.1 343 1 42 14.02 24 35 1337

* The numbers are the corresponding ID numbers in Table 1.
Table 3 Selected components for the 20-story structure at three seismic hazard levels
50/50 10/50 2/50
Sequence N-HM A-SM N-HM A-SM N-HM A-SM

ID* SF SSE, ID SF SSE, ID SF SSE, ID SF SSE; ID SF SSE, ID SF  SSE

1 17 .1 003 36 10 058 21 1.1 635 28 12 052 21 20 759 28 23 206
2 30 .1 061 15 10 019 18 1.8 195 10 1.1 234 & 27 118 22 23 578
3 5 12 003 18 10 041 30 21 020 37 12 232 30 39 053 38 27 558
4 4 1.6 022 30 09 012 12 14 583 22 12 150 12 25 7.02 39 28 424
5 15 1.0 3.11 6 1.1 013 39 14 632 39 14 095 39 25 756 10 22 11.50
6 40 1.2 727 40 1.1 042 28 14 646 34 15 332 28 25 771 34 28 13.62
7 9 09 727 9 1.1 019 35 14 673 35 1.7 275 18 33 274 17 34 4095
8 7 14 69 32 1.1 016 5 24 025 8 1.7 163 35 26 801 8 34 6.69
9 11 09 551 &8 09 032 16 15 583 17 1.8 116 16 27 7.02 30 3.6 465
10 27 08 739 12 09 050 34 15 699 12 17 243 10 28 702 11 50 570
11 36 08 727 27 07 019 8 15 1.8 30 1.8 1.10 34 27 828 15 36 8.64
12 1 1.5 287 21 07 077 37 12 1585 15 19 205 37 21 1759 36 4.0 6.12
13 34 07 855 24 14 020 10 15 583 6 21 149 5 44 0.05 6 4.1 633
14 20 1.7 727 34 07 125 1 30 404 32 22 192 1 55 305 32 43 1736

* The numbers are the corresponding ID numbers in Table 1.
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Two-dimensional (2D) structural finite element
models (FEMs) are established based on the platform
of ABAQUS 6.12 (2012). B22 elements are used to
model the beams and columns. The bilinear material
constitutive model with a strain-hardening ratio of 0.01
is applied to the steel material. Rayleigh damping with
a damping ratio of 2% is used for the first and second
vibration modes. Following Gupta and Krawinkler
(1999), the shear behavior of the panel zone is also
considered in FEMs.

For verification of the proposed structural models,
the periods of the building models herein are compared
with the results obtained by Ohtori et al. (2004); they
are almost the same. Nonlinear time-history analysis
is also carried out and the structural responses are
consistent with (Gupta and Krawinkler, 1999), when the
50/50, 10/50, and 2/50 sets of ground motions proposed
by the SAC project are used as inputs. More detailed
information for verification of the proposed models can
be found in (Zhang et al., 2020)

Table 4 lists the lower three and four vibration
periods of the 9-story and the 20-story structures and the
modal-mass participation factors. The lower four modes
must be considered for the 9-story structure, and the
lower three modes should be considered for the 20-story
structure.

500

200
100

PS (cm/s)
=

0.2 : ; ;
0.020.050.102 05 1 2 5 1020 50100
T(s)
Fig. 5 Average spectrum of Gi (i = 3, 7, 10, 14) and target

spectrum for the 20-story structure at 2/50 hazard levels

3.2 Structural response analysis

The arithmetic mean, which has been extensively
specified by building codes (e.g., Eurocode 8 (CEN,
EN 1998-3, 1997), ASCE 7-10 (2010)), is used to
determine response design values. Thus, engineers are
more familiar with the arithmetic mean for the response
parameters adopted in the current study. Therefore, the
average spectrum and the structural mean responses are
all denoted by arithmetic means. The inter-story drift
ratio, which is associated closely with structural damage
(Miranda and Aslani, 2003), acts as a primary structural
response parameter for performance-based earthquake
engineering and structural specifications in many
countries, e.g., Eurocode 8 (CEN, EN 1998-3, 1997),
and ASCE 7-10 (2010). Therefore, the maximum inter-
story drift ratios and the peak inter-story drift ratios over
the height of the structures are taken as the engineering
demand parameters (EDPs).

At the beginning of the analysis, the “true” structural
responses, i.e., “benchmark mean demands” of the
9-story and 20-story structures, are determined under the
earthquake excitations of the 50/50, 10/50, and 2/50 sets
of ground motions proposed by the SAC project. It has
been mentioned in Section 2.1 that the target spectrum is
defined by the average spectrum from each set of these
records, the smoothed Newmark-Hall spectrum, or the
common acceleration spectrum.

3.2.1 Peak inter-story drift ratios over the heights of the
structures

Figures 6 and 7 show the peak inter-story drift ratio
(PIDR) demands over the height of the 9-story and
20-story structures at three seismic hazard levels. The
PIDR demands calculated by both N-HM and A-SM
methods have a similar distribution along the height of
the structures. Also, the N-HM and A-SM methods have
predicated the same weakest floor with the structural
response. Note that the weakest floor is defined as the
floor where the maximum inter-story drift ratio (MIDR)
occurs among all the building floors. In the 9-story
structure, the weakest floor is the eighth floor at 50/50
and 10/50 hazard levels and the fourth floor at the 2/50
hazard level. In the 20-story structure, the weakest floor

Table 4 Vibration periods of 9-story and 20-story structures

Model  Vibrutionmode  Perods () poriGvaion otors __paniciption fciors
9-story Ist 2.15 0.731 0.731

2nd 0.81 0.109 0.840

3rd 0.45 0.044 0.884

4rd 0.29 0.019 0.903
20-story Ist 4.11 0.755 0.755

2nd 1.47 0.115 0.870

3rd 0.86 0.038 0.908
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Fig. 6 PIDR demands over the height of the 9-story structure under ground motion groups Gi (Gi) (i = 3, 7, 10, 14) at 50/50, 10/50,

and 2/50 hazard levels

is the eighteenth floor at the 50/50 hazard level and the
third floor at the 10/50 and 2/50 hazard levels.

This study compares the effects of the N-HM and
A-SM methods on the structural responses in time-

history analysis. The PIDR demands under the groups Gi
and Gi (i="7, 10, 14) are similar along the height of the
structures at three seismic hazard levels. However, the
demands of G3 and G3 have some differences. The trend
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Fig.7 PIDR demands over the height of the 20-story structure under ground motion groups Gi (Gi) (i =3, 7, 10, 14) at 50/50, 10/50,
and 2/50 hazard levels

is insensitive to the structural dynamic characteristics of
either the 9-story or 20-story structure. Also, the trend
is insensitive to the required number of records (7 or
10) and the nonlinear degree of the structural response.

For further clarification, the relative errors of the PIDR
demands over the height of the structures are analyzed.
The relative error is defined as the difference between
the average EDPs of each ground motion group, Gi (G7),
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and the corresponding benchmark demands divided by
the benchmark demands. In terms of the relative error,
there are no obvious differences between the N-HM and
A-SM methods, except for G3 and G3. The maximum
relative errors over the structure’s height can be reduced
by less than 20% (absolute value) if the optimal seven
or ten records are selected. The error produced by both
N-HM and A-SM methods for the 20-story building is
less than that for the 9-story building.

Clearly, a more severe nonlinear response 1is
undoubtedly produced at the higher seismic hazard
levels. The pushover analyses for the two structures
were carried out using the design load pattern suggested
in FEMA 222A (1995). The global pushover plots, i.e.,
the normalized based shear (base shear normalized by
structure seismic weight, or V/W) versus roof drift angle
(roof relative displacement normalized by structural
height from the column base pins) of the two structures
is shown in Fig. 8. When the roof drift ratio is increased
to 0.007, both structures almost show nonlinearity.
Moreover, the mean peak roof drift ratios of the 9-story
and 20-story structures under the records of G7 and
G7 at three seismic hazard levels are also plotted in
Fig. 9. Both structures necessarily behave in a nonlinear
manner under the seismic excitations of 10/50 and 2/50
seismic hazard levels.

The coefficient of variation (CV), defined as the
ratio of the sample standard deviation and the sample
mean, is used to assess the effectiveness (efficiency)
of the N-HM method in reducing the dispersion of the
structural response. Figure 9 shows CVs of the PIDR
demands over the height of the 9-story structure for each
ground motion group and various seismic hazard levels.
There are insignificant differences between the N-HM
and A-SM methods over the structure’s height at 50/50
and 10/50 hazard levels. However, at the 2/50 hazard
level, CVs of the N-HM method are not significant and
less than those of the A-SM method.

Figure 10 shows CVs of the PIDR demands over
the height of the 20-story structure at each seismic
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(a) 9-story

hazard level. CVs of both N-HM and A-SM methods are
similar over the structure’s height at the 50/50 hazard
level. Nevertheless, the differences between CVs of both
methods are remarkably increased at the lower floors
from the first to fifth floors of the structure at 10/50 and
2/50 hazard levels. The CV value of G14 is 0.30 and
the CV value of G14 is 0.63 at the second floor for the
10/50 hazard level. However, at the 2/50 hazard level,
the CV value of G14 is equal to 0.56, but the CV value
of G14 increases up to 0.89 at the second floor. CVs
of the N-HM method are significantly less than CVs of
the A-SM method at these lower floors for the 20-story
structure, especially when the more severe nonlinear
responses are produced. Note that CVs of the PIDR
demands under the ground motion groups G3 and G3
are not shown here because there are only three records.

The N-HM method is more advantageous in reducing
the structural response variability than the A-SM method.
In other words, the Newmark-Hall spectrum has a better
correlation with the medium and long-period structural
responses than the conventional acceleration spectrum.
Also, the advantage is more obvious, especially for
longer-period structures (20-story). In addition, the
nonlinear response of the structure increases the
structural period, which favors reducing the structural
response variability if the Newmark-Hall spectrum is
used as the target spectrum.

3.2.2 Maximum inter-story drift ratio

Figures 11 and 12 show the relative errors and CVs of
the MIDR demands of the 9-story and 20-story structures
under each record group at three seismic hazard levels.
The MIDR demands have the same trends as the PIDR
demands. The N-HM and A-SM methods have the
same accuracy in predicting average MIDR demands.
Moreover, the N-HM method can reduce the variability
of MIDR demands more efficiently, especially for the
20-story structure when more severe nonlinear structural
responses occur, i.e., for 10/50 and 2/50 seismic hazard
levels.
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Fig. 8 Global pushover curves for 9-story and 20-story structures



No. 1 Fulianyu et al.: Selection and modification of ground motion records using Newmark-Hall spectrum as target spectrum for long-period structures 129

Floor

Floor

Floor

Fig. 9

Floor

9
—0G7
8T —0G7
7k
6F
st
41
3
2+
1.
0 1 1 1 1
00 02 04 06 08 10
cv
9
—G10
8 —G10
7k
6F
st
41
3
2+
1.
0 1 1 1 1
00 02 04 06 08 10
cv
9
—Gl4
8 —Gl4
7k
6F
st
41
3
2+
1.
0 1 1 1 1
00 02 04 06 08 10
cv
(50/50)

Floor

Floor

Floor

9
—_—G7
8 —0G7
7k
6F
st
41
3
2+
1 L
0 1 1 1 1
00 02 04 06 08 10
cv
9
—aG10
8 —3G10
7k
6F
st
4+
3
2+
1 L
0 1 1 1 1
00 02 04 06 08 10
cv
9
—Gl4
ST —Gl4
7k
6F
st
4+
3
2+
1 L
0 1 1 1 1
00 02 04 06 08 10
cv
(10/50)

9
—GT
8 —G7
7F
6 5
85F
i)
—4F
3
2+
1 L
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
cv
9
—_—G10
8T —G10
7F
6 5
85F
i)
—4F
3
2+
1 L
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
cv
9
—_—Gl4
8 — G4
7F
6 5
85F
i)
—4F
3
2+
1 L
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
cv
(2/50)
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10/50, and 2/50 hazard levels
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4 Conclusions

The main objective of selecting and scaling ground
motions for time-history analysis is to accurately
estimate structural mean EDPs and to reduce the
variability of mean results with fewer records, especially
for the seismic design of the real structures. In this study,
a ground motion selection and modification method
was proposed using the Newmark-Hall spectrum as
the target spectrum. The Newmark-Hall spectrum has a
perfect correlation with the structural responses of short,
medium, and long-periods. For time history analysis of
a real structure, when the Newmark-Hall spectra is used
as the target spectra, the input records will be adaptive
selected and scaled to the acceleration sensitive, velocity
sensitive or displacement sensitive zones of the spectrum,
according to the structural fundamental period.

The 9-story and 20-story steel moment-resisting
frame structures, representing medium-period and long-
period buildings, were used as examples. The potential
feasibility for taking the Newmark-Hall spectrum as the
target spectrum was verified. In nonlinear time-history
analysis, based on a comparison of the N-HM and A-SM
methods, the structural mean responses to the benchmark
mean demands and the relative errors were present under
seismic excitations at various seismic hazard levels. The
main conclusions are summarized as follows:

(1) For the medium-period structure, i.e., 9-story

structure, SF’s of ground motions obtained by the N-HM
method are generally larger than those derived from the
A-SM method. However, the differences of SFs from
both methods are reduced for the long-period structure,
i.e., the 20-story structure. Thus, SFs are more likely
to be controlled by spectral values in the velocity-
sensitive regions for the 20-story structure whenever the
Newmark-Hall spectrum or the acceleration spectrum is
taken as the target spectrum.

(2) The N-HM and A-SM methods have a similar
estimation accuracy of structural mean response. The
absolute values of the relative errors of structural inter-
story drift-ratio demands can be in an acceptable range,
e.g., less than 20%. The accuracy is not sensitive to the
structural dynamic characteristics, the required number
of records (7 or 10), and the nonlinear degree of the
structural response.

(3) The main advantage of the N-HM method is that
it has a proper performance in reducing the variability
of the structural responses. This performance is more
significant for longer-period structures or structure with
a more severe nonlinear response.

It is important to note that only the average responses
of these buildings are considered in the present study,
even though the probability distribution of EDPs and
collapse probability of the buildings are as significant
as the average responses. Thus, detailed investigations
of the seismic probability response can be conducted in
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future studies. In addition, there are some real near-fault
ground motions in the record set representing the seismic
hazard level with the 2% probability of exceedance in 50
years for the SAC Steel Project. However, in the present
study, near-fault ground motions with forwarding
directivity effects were removed during the selection of
ground motions.

Data and Resources

Data used in this study can be found in the Pacific
Earthquake Engineering Research Center Strong Motion
Database at ngawest2.berkeley.edu (last accessed
January 2019). Some or all data, models, or code
generated or used during the study are available from
the corresponding author by request.
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