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Earthquake ground motion variability is one of the primary sources of uncertainty in the assessment of the
seismic performance of civil systems. The paper presents a novel method to select and modify ground
motions to achieve specified response spectrum variability. The resulted ground motions capture the
median, standard deviation and correlations of response spectra of an earthquake scenario conditioned on
a specified earthquake magnitude, source-to-site distance, fault mechanism, site condition, etc.

The proposed method was evaluated through numerical analyses of a 20-story RC frame structure.
The example demonstrated the excellent capacity of the proposed method in capturing the full
distribution of nonlinear structural responses under a specified scenario. In particular, a suite of 30 or
60 records selected using the refined algorithm can lead to statistically stable results similar to those
obtained from a much larger set. The proposed algorithm is computationally efficient. It shows great

potential in the performance-based earthquake design of nonlinear civil systems.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, time-history analyses have become more
frequently used in earthquake design of civil infrastructure.
Researchers and practitioners generally agree that earthquake
ground motion variability is one of the major sources of uncertainty
in the assessment of the seismic performance of the civil systems.
Due to the lack of recorded time histories at design levels, which are
usually rare events, it is critical to develop systematic methods to
select from existing ground motion time histories and modify them
to realistically represent important aspects of the design earth-
quakes. Although many ground motion selection and modification
(GMSM) methods exist, consensus has not yet been reached
regarding the accuracy and performance of these methods.

Since traditionally the seismic hazard at a site has been
represented by design spectra for design purposes, most existing
GMSM models mainly focus on developing time-history datasets
that, in aggregate, have response spectra resembling a specified
target spectrum. Sometimes, modifications to existing ground
motion time histories are necessary in order to better fit the
specified spectral shape, including the use of the “amplitude-
scaling” approach to scale the amplitude of time histories to
achieve an averaged fit to a target spectrum [1], or “spectrum-
matching” approaches to adjust the ground motion time histories
either in the time domain or in the frequency domain so that the
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modified response spectrum is closely matched to the design
spectrum (e.g.[2,3]). Each approach has its advantages and appears
to be a generally acceptable method in engineering practice.
Furthermore, methods focusing on other response characteristics
of the nonlinear system, such as a proxy response or inelastic
displacement, have also been pursued by some researchers (e.g.
[4,5]). A state-of-the-art review of earthquake ground motion
selection methods for structural evaluation can be found in [6].
Motivated by the need to reduce the number of records required
for dynamic analyses, current GMSM efforts mainly aim at devel-
oping a suite of time histories that minimizes the dispersion in
predicting the median response of the systems. For example, for a
first-mode dominated structure, time histories scaled to match the
target spectrum at the period of the first mode of the structure can
yield a good estimate of the median structural response [7]. On the
other hand, performance-based design requires seismic performance
evaluation at all hazard levels. Therefore, it is important to capture
the record-to-record ground motion variability in time-history
analyses in an effective and realistic manner. To date, only limited
works were conducted to consider the ground motion variability in
record selection procedures. The recent ATC-58 guideline [8] recom-
mended selecting eleven ground motion records randomly from a
chosen magnitude and distance bin and then scaling them to match
the target spectrum amplitude at the fundamental period of the
structure. However, the random nature of the selection procedure
makes it unreliable to represent the true ground motion variability. A
semi-automated method recently proposed by Kottke and Rathje [9]
is also worth mentioning. Their method aims at selecting and
modifying a suite of ground motions to match a specified median



612

target spectrum and the standard deviation of the spectral ampli-
tudes at the same time. The semi-automated method scales the
records in two steps: first, each record is scaled by an average scale
factor to achieve an overall fit to the median target spectrum; then,
each record is re-scaled to modify the standard deviation within the
set. However, this method overlooks the correlation structure
(covariance) of the spectral distribution over different periods.
Therefore, the procedure generates ground motion datasets whose
spectral shapes resemble that of the median target spectrum.

For a more realistic representation of the record-to-record
response spectrum variability, a novel GMSM method is proposed
in this paper. The method selects a suite of ground motion time
histories that captures the median, the standard deviation and the
correlation structure of the spectral distribution, given a specified
earthquake magnitude, distance, site condition, etc. The consis-
tency and convergence properties of the proposed GMSM method
will then be examined. A refined algorithm is proposed to improve
the efficiency and accuracy of the algorithm. Preliminary evalua-
tion of the method is conducted through nonlinear analysis of a tall
building. Implications of the new method in performance-based
earthquake engineering will be discussed in the conclusion.

2. Response spectrum variability

Before proceeding to the GMSM method, we examine the
response spectrum variability of a scenario earthquake. The sce-
nario is defined as conditioned on a specified earthquake magni-
tude, source-to-site distance, fault mechanism, site condition and
other parameters. Analyses of ground motion dataset demonstrated
that the statistical distribution of spectral accelerations of indivi-
dual periods can be well approximated by lognormal distributions
for a given earthquake scenario. Empirical predictive equations for
the mean and the standard deviation of InS, (the natural logarithm
of spectral accelerations) for a scenario earthquake can be obtained
from ground motion attenuation models (e.g. [10-12]). As shown in
Fig. 1(a), the predicted median spectral acceleration (which equals
the exponential of the mean In S;) is usually a smooth curve, and it
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does not represent the response spectrum of any actual ground
motion. Instead, individual response spectrum shows variability in
spectral amplitudes over different periods. The correlation between
the spectral values of different periods was found to be an intrinsic
property of ground motions [13]. It can be calculated from a set of
response spectra using the following formulation:

N . .
> (InSP(T1)~InSa(T1))(InSY(T>)~InSy(T2))
i=1

PinsSy(Ty), InSo(T>) = N N
>° (nSP(T)—InSa(T1))* 3 (InSP(Ty)—InSe(T2))?
i=1 i=1

M
where N is the number of records, InS¥(T;) is the InS, of ith record
evaluated at period T; and InSy(T;) is the mean value of InS,(T;) of
all N records.

Based on regression analyses of a strong motion dataset,
empirical correlation coefficient between the spectral values of
different periods can be expressed as follows [14]:
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Fig. 1. Example of response spectrum variability and correlation. (a) Spectral acceleration variability, (b) Correlation coefficient of spectral accelerations.
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The above expression is illustrated in Fig. 1(b). The formulation
is valid over a period range of 0.01-10 s. The resulting covariance

for random sample generation. As will be discussed later, this
property is important for the proposed ground motion selection

Period, T (sec)

Period, T (sec)

matrix is a symmetric positive definite matrix, which allows procedure.
a 10 - - b 15 — :
Target Set (Simulated)
= = = Scenario
o o
‘; 100 © median +1 std
U:)' (::,- 1t median i
2 2 | median-1std
j <
Q —
g 107 3
(3] o
0 o
< <
[ g 0.5
8 107 2
g 10 o
(72} (7]
1073 ‘ ‘ 0 ' '
107" 100 1072 107" 100 10°
Period, T (sec) Period, T (sec)
c 10 - - d 15 : :
Target Set (Simulated)
= = = Scenario
C f C) i
~ ELAT = median +1 std
M 100 ‘ w“l‘l‘;}‘\\w ‘ \ © ) | .
0 [ l\w“““ Ui | N EREN | »n 1 \H median
I i I I Vi 1k | - L — _
.g ‘ L | ! ‘_\“\‘w‘ ,“‘”\ j‘\‘\ “‘\“‘l i “’ .5 ‘ ' n ‘ median - 1 std
® TR \MMM‘H‘} ‘y\\‘c‘\l“i,‘s i )
% 10—1 MI‘H‘ .“H 1 % 4
[£] i %) ‘ i
0 o
< < { ‘
® T 05 4 ()i /LM ‘ :
3] _ 15 I Iy
2 1072 @ ‘
[ Q. A 1‘
7] ) o p I
1073 ‘ ‘ 0 ‘ .
107" 10° 1072 107" 100 10"
Period, T (sec) Period, T (sec)
1
e 10 - - f 15 : .
Target Set (Simulated)
= = = Scenario
o 5 !
‘; 100 ;‘ median +1 std
] " ] median
§ § median - 1 std
< s
[ -
g 107 3
Q o
3] o
< <
B T 05
‘g 1072 §
g 10 o
7] (7]
1073 ; ' 0 . ,
107" 100 1072 107" 100 10"

Fig. 2. Distribution of response spectra: (a, b) perfect correleation, (c, d) zero correlation, and (e, f) empirial correlation.
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Fig. 2 illustrates the importance of the spectral correlation in
controlling the response spectrum variability of a ground motion
dataset. In an extreme case where the spectral values are assumed
to be perfectly correlated (let p=1 for all period pairs), the
numerically simulated spectra are a set of parallel lines, as shown
in Fig. 2(a). Although the median and standard deviation of the
simulated target set closely resemble the statistical distribution of
a scenario response spectrum shown in Fig. 2(b), obviously, the set
of perfectly correlated records cannot represent the true spectral
variability of the ground motion. Similarly, a set of ground motions
with zero spectral correlation (let p =0 for all period pairs) can also
fit reasonably well to the median and standard deviation curves of
the scenario response spectrum, as shown in Fig. 2(c) and (d), the
spectral distribution cannot possibly represent any real earthquake
scenario. More realistic representation of the spectral variability
can be simulated using the smoothed empirical correlation Eq. (2),
as shown in Fig. 2(e) and (f). Therefore, in order to realistically
represent the response spectrum variability, the selected ground
motion dataset should preserve the median, the standard deviation
of the spectral distribution, and more importantly, the correlation
structure between the spectral values of different periods. Accord-
ingly, the median, the standard deviation and the correlation
structure are termed as the “response spectrum variability vector”
of the ground motion.

3. Ground motion dataset

The database used in this study was derived from the Pacific
Earthquake Engineering Research Center (PEER) Next-Generation
Attenuation (NGA) strong motion database (http://peer.berkeley.
edu/nga/), which was coordinated by the PEER-Lifelines Program
(PEER-LL), in partnership with the U.S. Geological Survey (USGS)
and the Southern California Earthquake Center (SCEC) [15-17]. The
original PEER-NGA database includes 3551 three-component
recordings from 173 earthquakes obtained by 1456 recording
stations. Based on seismological information, the horizontal com-
ponents of each recording have been rotated to fault normal (FN)
and fault parallel (FP) directions, together with the corresponding
vertical ground motion time histories. The original PEER-NGA
database was thoroughly reviewed to form an updated database.
A record is excluded from the updated database if (a) it was
considered to be from tectonic environments other than shallow
crustal earthquakes in active tectonic regions, e.g. a record from
subduction zones, (b) the earthquake was poorly defined, (c) the
conditions, under which the record was obtained, were not
considered to be sufficiently close to free-field ground surface
conditions, e.g. a record obtained in a basement or on the ground
floor of a tall building, (d) there was an absence of information on
soil/geologic conditions at the recording station, (e) it had only one
horizontal component, (f) it had not been rotated to FN and FP
directions because of an absence of information on sensor orienta-
tions or fault strike, or (g) it was proprietary data. In total, 369
records were excluded from the original PEER-NGA dataset, leaving
3182 three-component records in the updated database. The
updated database can better represent shallow crustal earthquakes
in active tectonic regions. The magnitude and distance distribution
of the records are illustrated in Fig. 3. It is noted that the updated
database has been used to develop the Design Ground Motion
Library (DGML) by the author and coworkers [1].

For each record, comprehensive ground motion parameters
were compiled or estimated through the PEER-NGA effort. Besides
the response spectrum, the ground motion characteristics that are
important to the seismic response of the facility should also be
considered in the GMSM scheme. These include the range of
earthquake magnitude, the types of faulting, the range of the
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Fig. 3. Magnitude and rupture distance (R ) distribution of the updated. PEER-NGA
strong motion database.

closest distance measures from earthquake source to recording
stations (e.g. rupture distance, Joyner-Boore distance, etc.), local
site conditions at recording stations (e.g. the range of average shear
wave velocity in the upper 30 m of sediments, Vs3g), the range of
significant duration, presence or absence of strong velocity pulses,
among other characteristics. These characteristics, along with the
spectral accelerations, need to be considered in the ground motion
selection and modification process.

4. Ground motion selection and modification method
4.1. The algorithm

Finding the optimal combination of a set of N records and their
corresponding scale factors to best approximate the prescribed
response spectrum variability of a scenario earthquake is by no
means an easy task. For example, setting aside the scale factors,
there are about 3 x 10'® possible combinations to select a set of 7
records out of a database of 1500. The number of combinations
explodes to a staggering 1.5 x 10'°® if the attempt is to select 100
records out of a database of the same size. Therefore, a mathema-
tically rigorous solution to this problem is not feasible at this
moment. Instead, this paper presents a computationally efficient
algorithm based on random generation of the target spectra
following a specified statistical distribution. The algorithm is
described in the following steps:

4.1.1. Step (1). Develop the target spectrum set

The response spectrum can be written as a vector of n scalar
variables, denoted as [InSq(T7), InS4(T>), .. ., InSq(Ty)]. Each variable
follows normal distribution whose mean and the standard devia-
tion can be obtained from an empirical ground motion attenuation
model for a specified scenario (e.g. [10-12]). The correlation
coefficient between two variables, pis, 1), ns,)» €an be obtained
via Eq. (2). A suite of target spectra can be obtained by random
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sampling from a multivariate normal distribution with the follow-
ing specified mean and covariance matrices:

InS, et =N(Wps,Zins,) 3)

where p, s represents the mean of the vector [InSy(Ty),InSe(T3).. . .,
InSq(Ty)], i.e.

Rins, = [:ulnSa(Tl)nulnSa(Tz)" . 'nulnSa(Tn)] (4)

and X5, is the covariance matrix of the vector [InSq(T),
InSy(T),. .., InSq(Ty)]. It can be written as

2
(O1nsy(m)) PInSo(T1), InSa(T) P InSa(T1)OInSa(Ty)

2
Sins = PinSaTy), nSa(T)ONSa(T)OnSa(T)  (TInSe(Ty))
nsS, —

PnSu(Ty), InSo(T1)OInSa(T)OInSa(T)  PlnSy(Ty), InSa(T) P 1nSa(T) TInSo(T2)

Matlab function mvnrnd was used to randomly sample a suite of
N target spectra following the distribution defined in Eq. (3). Seeds
for random number generation can be specified in order to produce
repeatable results. Accordingly, the so-called target residuals are
defined as follows to measure the differences between the specified
mean, standard deviation and correlation coefficient with these
obtained from the suite of target spectra:

n n
R1= Z W(Ti)[ﬂlnsgargﬁ(-ri)_Mlnsa(T;)]z/Z W(T,)

i=1 i=1

n n
2
Ra= Y WDy, saree iy = Tins,apl> / D W(Ty)
i=1 i=1
n n

R3=>3 w(Tyw(Ty)

i=1j=1

n n
2
X [Plnsg“"g“tm), In S (7) ~PlnSo(Ty), 1nsﬂ(rj)] Z w(T) Z w(T))
i=1 j=1

(6)

Throughout the paper, discrete spectral periods [Ty, Ty, ..., Ty]
are specified as evenly spaced in log space, with 100 points per
decade. Therefore, a total of 301 spectral periods are used to cover
the period range 0of 0.01-10 s. The weight functions w(T;) in Egs. (6),
(8),(9) and (11) allow relative weights to be assigned to different
parts of the period range of interest. Therefore, they provide greater
flexibility to the selection procedure. For simplicity, an equal
weight will be used for all spectral periods ranging from 0.01 to
10 s in the examples used in the paper.

In principal, there are many ways to define a total target residual
as the metric to evaluate the overall fitness of the generated target
spectra to the specified scenario. One plausible formulation is to
define the total target residual as a linear combination of R and
Ra:

Riarget = AR +bR, (7

Note that the correlation coefficients are already approximately
prescribed in each multivariable generation process in the first
place; therefore, the residual R is not explicitly included in the
total residual formulation of Eq. (7). Since the objective of the
proposed method is to capture the spectral variability, matching
the target median and the standard deviation to the specified
values is regarded as equally important. Therefore, a practical
approach is to assign both a and b to 1.

By repeating step (1) for a limited number of times (300 times
based on tests), one can identify a set of N spectra that yields the
smallest total target residual via Eq. (7). The set is called the

“optimal target spectrum set”, which will be used later on in the
selection and scaling of the record set.

4.1.2. Step (2). Specify the search criterion and limits for searches
Besides the spectral shape, the ground motion characteristics
that are important to the time-history response of the civil systems
may also include the number of strong shaking cycles, the shaking
duration, the near-field directivity effects, pulse sequencing, etc.
Limits and restrictions on the searches may include the range of
earthquake magnitudes, the type of faulting, the range of distances,

PInSe(Ty), InSa(Tn) O InSa(T1) O InSo(Ty)

PInSa(T,), InSa(T) P10 Sa(T2) T InSa(Ty) )

2
(OInsy(T)

the range of Vs30, the range of significant durations, whether records
are to exclude, include or be limited to pulse records, limits on the
scale factor f and restrictions on directional component (i.e.,
arbitrary FN or FP components, FN components only, FP component
only, or FN and FP components in pair). The screening process will
reduce the ground motion database to a smaller selection bin.

4.1.3. Step (3). Find the scaled record set that best matches the target
set

For each target spectrum obtained in step (1), each record
within the selection bin is linearly scaled. To identify the one that
can render the closest match to the target spectrum, the weighted
sum of squared errors (WSSE) between the logarithms of the target
spectrum and the scaled record spectrum is used:

n
WSSE =~ w(T[In(Sq" " (Ty))—In (f S" " (Ty)))? (8)
i=1

where the parameter w(T;) is a weight function to assign the
relative weights to period T;, which can be in the same form as that
in Eq. (6). Parameter f in the above equation is a (positive) linear
scale factor applied to the entire response spectrum of the
recording. Given the target and the unscaled record spectra, WSSE
is a quadratic function of the scale factor f and it admits a global
minimum. Accordingly, the optimal scale factor f* can be deter-
mined by minimizing the WSSE:

35 WT)INGS, =554 T;) /S, (Ty)
Inf* = =1 - 9)
2w

i=1

If weights are assigned equally to all periods of interests, the
above expression reduces to

Inf* = 13 Iy = LS s sty

i=1 i=1

(10

The above equation admits a simple mathematical interpreta-
tion: the optimal scale factor f* is the geometric mean of the scale
factors f(T;) = SS"8¢4(T;) /S5 (T;) of different periods.

The WSSE value for the scaled record can be obtained by
substituting Eq. (9) back into Eq. (8). Similarly, WSSEs are calcu-
lated for all records in the selection bin. The scaled record that gives
the minimal WSSE is the one that best matches the spectral shape
of the target spectrum over the specified period range of interest
among all records in the selection bin. Fig. 4 illustrates an example
of such a scaled record and the target spectrum. Note that the
amplitude scaling only linearly translates the shape of a spectrum
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Fig. 4. Example of a scaled record spectrum that best matches the target spectrum.
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Ground motion selection and modification algorithm.
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inalogarithmic scale, and thus the relative frequency content of the
original record will not be changed. The process is repeated for each
target spectrum until a set of N scaled records is obtained. The
collection, S§cdled = U (fSrecords) s called “the selected record set”.

The above procedure is easy to implement, and it remains flexible to
incorporate other features such as specifying the desirable scale factor
range to avoid excessive scaling, or specifying the selected record from
different recordings, etc. In practice, one may prefer that the selected
records are derived from distinctive ground motion records. It is easy to
avoid repetition by eliminating the selected record one by one from the
selection bin after it was selected in step (3).

4.1.4. Step (4). Evaluate the selected record set

In this step, the response spectrum variability vector of the selected
(scaled) records is calculated and compared with the prescribed values
to define the so-called record residuals, similar to Eq. (6):

Ri =Y W)ty sseiee (Ty)— s, (TOF /> w(T)

i=1 i=1

Ry = W0}y e (T) =0, (THI / > w(Ty)

i=1 i=1

1.

Lol

acceleration: InS; "% = N’ (i, Zins,)

Comp

Ry =

Ry =

ute the total residuals of the generated target set:
n

n
> W(Ti)[nulnsf,”er(T,)_”]nSan:)]z/z w(T)

i=1 i=1

n n
2
E W(T,-)[alnsyrgerm)—J]ngom,] / E w(T;)
i=1 i=1

Riarget = R1+Ra.

bin.

6.1.

End
6.2
6.3.

End

7. Assemble the scaled record set from Step 6: 5,54 = U (f*S,"°rd*)
8. Compute the residuals of the scaled record set:

R1=

Ry =

Repeat steps 1-2 for m times (m = 300 is recommended).
Choose the optimal target set that minimizes Rarget.
Specify the search criterion and limits (e.g. limits for earthquake magnitudes, distances, duration, scale factors, etc.) to reduce the strong motion database to a selection

Generate a set of N target spectra following lognormal distribution with the specified mean vector y,s, and covariance matrix X,s, of the natural log of spectral

For each target spectrum vector [S," "8 (T;), Sq""8(T>),. . .,5,""¢(T,,)] in the optimal target set, do

For each record spectrum vector [S;' " (T;), S5'4"(T),. . .,S,"*"8*"(T,,)] in the selection bin, do

6.1.1. Compute the scale factor
n
55 WT)In(S, ™ E(Ty)/Sg™ " (Ty))
lnf* _i= 1 -
> w(Ty)
i=1

6.1.2. Compute the weighted sum of squared errors (WSSE)
n

WSSE — Z W(Ti)[ll‘l(SGmEEt(Ti))fll'l(f*sa record(Ti))]z
i=1

Identify the record spectrum Sa®<®'* and scale factor f * that minimize WSSE.

Optional:

Remove the record selected in 6.2 from the selection bin to avoid repetition.

Z W(Ti)[ﬂ]nszcaled (T,')*H]ns" (7'1)]2/2 w(Ty),

i=1 i=1

> W[y sgees (T)=Gns, (TOP /Y w(Ty).

i=1 i=1

Compute the total record residual: Record = R1+R2

9.

10.
10.1.
10.2.
10.3.
10.4.

Do steps 1-3, get m sets of N target spectrum and their Riarget.
Compute threshold 6 = exp(u(InRiarget) —0(IN Rearget)).

For each target spectra set whose Riarger < J, do Steps 5-9.
End

Inspect the selected record set. If necessary, go back to Step 5 to change the search criterion and limits.
The refined algorithm

Choose the scaled record set that minimizes the total record residual Record-
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Ry=> > wTyw(T))

i=1j=1

n n
2
X [P (1), Insg(1) ~ PlnsuT), InSalT)) /ZW(Ti)ZW(Tj)

i=1 j=1
)]

Similarly, the total record residual is defined as
Riecord = R1+R2 (12)

The total record residual can be used to evaluate the quality of
the selected records. In Section 4.3, a refined algorithm will be
proposed to search the record set that yields a global minimum of
the total record residual among all realizations.

Steps (1)-(4) result in a set of N scaled records that best matches
the optimal target spectrum set individually. It is worth pointing
out that the proposed algorithm is simple and fast, and the
complexity of the algorithm is linear with respect to the size of
the selected record (N) and the size of the database (K), i.e., the
complexity is O(N x K). It only takes less than 2 min on a personal
computer to complete the searching and scaling of 30 records from
adatabase of about 7000 records. For clarity, the above algorithm is
also outlined in Table 1.

4.2. Consistency and convergence of the algorithm

In this section, two important properties of the proposed
algorithm will be further investigated:

(1) Consistency: Will a target set with a smaller residual necessa-
rily result in a scaled record set with a smaller residual?

(2) Convergence: How many random samplings of the target set
are sufficient to result in a scaled record set with a sufficiently
small residual? What sample size (i.e. record population)
would be sufficient to represent the spectral variability?

To test the consistency and convergence of the proposed
algorithm, ground motion sets were selected independently from

the updated PEER-NGA database based on the proposed procedure.
The response spectra represent ground motions associated with a
specified scenario earthquake (magnitude M,,=7, strike-slip fault-
ing, rupture distance R, = 10km and the average of shear wave
velocity in the first 30 m of the site V 30=400 m/s). The median
response spectrum and the standard deviation were determined
using the Campbell and Bozorgnia attenuation model [10], and the
correlation coefficients were from [14].

Following Section 4.1 Step (1), target spectra sets with population
size of 30, 60, 100 and 200 were randomly sampled 300 times for
each population. Accordingly, record sets were selected and scaled
using each target set. The target residuals and the record residuals
were calculated via Egs. (7) and (12), and the pairs of residuals were
plotted in Fig. 5. It is observed that the total residuals of the target set
versus the record set generally follow a linear trend, while the record
residuals are usually slightly larger than the target residuals. For
each population case, a target set with a smaller residual is more
likely to resultin a selected set with a smaller residual. However, the
target set with the minimum residual (called the optimal target set)
does not necessarily correspond to the record set with the minimum
residual. Therefore, the residual of records selected according to the
optimal target set may not be the global minimum.

It is also interesting to examine the statistical distributions of
the target residuals and record residuals. Fig. 6(a) shows the
cumulative distribution functions (CDFs) of the residuals for each
population case. It is observed that all target residuals and record
residuals approximately follow lognormal distributions since their
CDFs can be well approximated by lognormal CDFs. The record
residual CDF of the population 30 case approximately coincides
with the target residual CDF, while the record residuals of the
population 200 case have a higher median and a smaller standard
deviation (in log space) than those of the target residual distribu-
tion. Increasing the population size reduces the minimum residual
as the data clusters shift to the left-hand side in Fig. 5. Also, the CDFs
of both target residuals and record residuals in Fig. 6(a) shift to the
left when the population size increases. However, the benefit of
increasing population size from 100 to 200 is not pronounced
comparing these two cases.
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Section 4.1 Step (1) recommends the use of the optimal target
spectrum set among 300 random samplings for record selection and
scaling. As a random process, more target generations will result in
smaller minimum target residuals. It is important to investigate how
many target generations are sufficient for practical purpose. Fig. 6(b)
plots the accumulative minimum residuals of the target set against the
number of target realizations for populations of 30, 60, 100 and 200.
The resulting minimum target residuals can be greatly reduced during
the first several hundred random realizations. However, the effort
begins to die out as no significant reduction in the minimum target
residuals can be made after several thousand realizations. For practical
purpose, it is recommended that 300 random target samplings are
sufficient based on the results in this example.
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Table 2
Summary of the statistical distribution of ground motion characteristics.

Ground Scale M, Rrup (kKm)  Ds_g5 (S) Vs3o
motion set  factors (m/s)
Scenario - 7.0 10 14.1° 400
30 records 1.54 (1.28) 6.9 (0.5) 12.8(8.3) 18.9(99) 410(169)
60 records 1.75 (1.53) 69 (0.5) 14.0(7.9) 17.9(104) 386 (173)
100 records  2.00 (2.56) 6.9 (0.4) 13.8(8.0) 16.5(9.4) 452(257)
200 records  1.59 (1.51) 69 (0.5) 13.3(7.9) 18.3(11.9) 426(261)
Values in bold are averages. Values in parenthesis are the standard
deviations.

2 The predicted median of the significant duration is from [21].

b
107" - T — —_—
@ o
S 102 O OCCHIITD
s L ]
= Populations
5 :
g
o
7 i
Q
8 ()
§ 1o
R cl
£
=
10—4 i i i
100 10° 102 108 104

Number of Realizations

Fig. 6. Convergence test of the record selection and modification algorithm. (a) Residuals distribution (unit: g2), (b) Accumulative minimum residual (unit: g2).

a b c
1000
800
£ 600
g
; 7
: : o 400
e |
Lot =L 1
i 200
o oL
A - -
b o4 o 0
& o o o
136 typ) e
156t - o

20ft (typ)

[ \
Static Overstrength = 1.6
0 1 2

Roof Drift Ratio (%)

Fig. 7. Structural model layout and characteristic push-over curve adopted from [19]. (a) FEM model, (b) Deformed model and (c) Push-over curve.



G. Wang / Soil Dynamics and Earthquake Engineering 31 (2011) 611-625 619

Q
(o

Scaled Records
- Scenario
Cl Cl
] 0 © 0 |
» 10 S 10
I3 I3
2 S
= =]
o o
K K
[ [
Q Q
< <
_4 -1
= 10 = 10
4 jd
° ° — Median +2 std Q
I3 2 — Median +1 std N
@ @ —— Median ‘\
— Median -1 std
— Median -2 std
_ - \»
1072 1072 " .
1072 107" 10° 10° 1072 107" 100 10'
Period, T (sec) Period, T (sec)
c d
Scaled Records
- Scenario
Cl Cl
] 0 ] 0
» 10 S 10
I3 3
2 S
= =
o o
K K
[ [
Q Q
< <
_4 -1
= 10 = 10
4 jd
° ° Median +2 std
I3 2 — Median +1 std
«n *n — Median
— Median -1 std
AN —— Median -2 std
1072 . 1072
1072 107" 10° 10° 1072 107" 100 10'
Period, T (sec) Period, T (sec)
e : : f
Scaled Records
3 3
© 0 © o |
» 10 » 10
< <
2 S
= E=]
© ©
jd jd
2 K
[ [
Q Q
< <
= 1071 = 107"
jd jud
k3] k1] — Median +2 std D
g. & — Median +1 std N N \Y
» a |— Median
— Median -1 std
¢ —— Median -2 std
1072 + 1072
1072 107" 100 10' 1072 107" 100 10"
Period, T (sec) Period, T (sec)
Scaled Records
= = = Scenario
c C R
e 10° s 100 | -
] ]
I3 s
L k]
= =
o c
K] 2 -
8 2 e~ <
< g \
-1 -1 = - ~ A
= 10 = 10 q
= -]
1%} 1%} —— Median +2 std A
a 2 I— Median +1 std ®
» » edian S
— Median
—— Median -1 std
L— Median -2 std )
1072 L L \ 102 L L
1072 107" 100 10! 1072 107" 10° 10°
Period, T (sec) Period, T (sec)

Fig. 8. Spectral distribution of selected ground motions (ground motion set Group 1): (a, b) 30-record set, (c, d) 60-record set, (e, f) 100-record set and (g, h)
200-record set.



620

4.3. Refined algorithm for global minimum

As shown in the above sections, when the optimal target
spectrum set is used to select and scale individual records, it
may not necessarily result in a set of scaled records that has the
global minimum of the total record residual. To find the scaled set
that yields the global minimum residual via Eq. (12), Steps (2)-(4)
in Section 4.1 should be repeated for each randomly generated
target set, not just for the optimal target set. Yet the computational
cost would be significantly increased by 300 times.

Since the target residuals and record residuals are lognormally
distributed and linearly correlated, it is not necessary to select and
scale records for all target set samplings. Instead, the selection
process is needed only if the target residual is smaller than a
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specified threshold value 6. Based on tests, the threshold is
recommended to be the median minus one standard deviation
(in log space) of all target residuals, i.e., ¢ =exp(u(InRarget)-
o(InRiarger)). In this case, only 16% of the target set samplings is
used to select and scale the record sets. The minimum of the record
residuals within the subset will be identified as the global
minimum.

The procedure of the refined algorithm is illustrated in Table 1,
Step 10. In Fig. 5, the subset of the refined search is highlighted
using a box for each case. Only if the residual of the target set falls
inside the box shall record selection and scaling be performed. The
refined algorithm can identify the global minimum of the record
residuals effectively, in the meanwhile, significantly reduces the
computational cost by a factor of 10.
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5. Predicting the variability of nonlinear structural response

5.1. The structural model

The efficiency of the GMSM scheme is demonstrated in this
section to predict the nonlinear response of buildings under a
scenario earthquake. The structural model utilized in this study is a
modern 20-story reinforced concrete perimeter frame building
designed according to the 2003 International Building Code and
ASCE7-02. The finite element model was developed in OpenSees
[18] by Dr. Haselton (known as Building ID “1020” in [19]). The
building represents a typical high-rise ductile frame system with
the fundamental period of 2.63 s, and second-, third- and fourth-
mode periods of 0.85,0.46 and 0.32 s, respectively. The same model
has been utilized by the PEER GMSM Working Group to conduct
benchmark tests on various ground motion selection and mod-
ification methods (known as Building “C” in [20]).

Fig. 7(a) illustrates the structural layout in the finite element
model. The typical bay width of the frame is 20 ft, and the floor
height is 13 ft. The reinforced concrete frame is simulated using
elasticBeamColumn elements with plastic joints. The deformed
model configuration in Fig. 7(b) shows the typical locations of
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plastic hinges developed during an earthquake loading, where the
outer and inner circles represent the level of plastic rotation
demand: when the plastic rotation reaches the limit, the inner
circle fills the outer circle (shown as red dots). The strength and
stiffness of the building conforms to the expected engineering
designs. The base shear versus roof drift ratio is illustrated in
Fig. 7(c) based on a static push-over test, where the static over-
strength is designed to be 1.6, the design base shear coefficient is
0.044 g, and the ultimate roof drift ratio for collapse (at 20%
strength loss) is 0.018. Details of the structural model can be
found in [19].

5.2. Selected earthquake records

Same as the examples in Section 4.2, the scenario earthquake for
the structural simulation is an event with magnitude M,, =7, strike-
slip faulting, rupture distance Ry =10km and Vs30=400 m/s.
Previous studies have shown that the building response is mod-
erately nonlinear under the scenario earthquake and is sensitive to
the second (or higher) mode during the shaking [20]. To take into
account the ground motion characteristics besides the response
spectrum, the selection bin is limited to records of M,,=6-8 and
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Table 3
Summary of the estimated lognormal MIDR distributions.

Populations MIDR Standard deviation MIDR MIDR
(median) (in log space) (median+1 std.) (median+2 std.)
Group 1 30 records 0.0046 (—8%) 0.5757 0.0081 (—21%) 0.0144 (—32%)
60 records 0.0051 (0.5%) 0.6762 0.0100 (—2.9%) 0.0196 (—7.6%)
100 records 0.0050 (0%) 0.7610 0.0107 (3.9%) 0.0230 (8.5%)
200 records 0.0050 0.7176 0.0103 0.0212
Group 2 30 records 0.0053 (8.2%) 0.7653 0.0115 (12%) 0.0246 (14%)
60 records® 0.0051 (4.1%) 0.6762 0.0100 (—2.9%) 0.0196 (—8.8%)
100 records 0.0048 (—2.0%) 0.7245 0.0098 (—4.8%) 0.0203 (—5.6%)
200 records 0.0049 0.7361 0.0103 0.0215

Values in parenthesis are the relative errors of each set w.r.t. the 200-record set in each group.

@ The 60-record set is the same in both Group 1 and Group 2.
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Rrup = 0-30km. Therefore, the size of the data bin is reduced to 758.
In this example, the fitness of the record scaling is evaluated over
spectral periods ranging from 0.01 to 10 s. Norestriction is imposed
on the range of scale factors, fault mechanisms, significant duration
Ds_g5 or site condition Vi3q.

Based on the procedures outlined in Section 4, several inde-
pendent ground motion datasets of populations of 30, 60, 100 and
200 were generated. The first group (called Group 1) of record sets
was generated using the procedure in Section 4.1, where the record
selection was based on the optimal target spectrum set. The
average and standard deviation of magnitude (M,,), rupture dis-
tance (Rnyp), significant duration (Ds_g5) and shear wave velocity in
top 30 m (Vs30) for each selected ground motion set are summar-
ized in Table 2 for inspection. It is known that the nonlinear
response of structures is not completely controlled by the response
spectrum. Other intensity measures such as the duration measures
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need to be checked against the predicted values (e.g. [21]) to avoid
any significant bias. In general, the characteristics of the ground
motion sets were found to be compatible with the specified
earthquake scenario. It was also noted that the same record was
allowed to be selected more than once with a different scale factor
as long as the scaled spectrum best matches the shape of the target
spectrum. In general, a few records will be repeatedly selected in
record set of small size (only 2 records were repeatedly selected
twice in the 30-record set), while more repeated records may occur
in a record set of large size (10 records were repeated twice, and 7
records were repeated three times in the 100-record set). Although
it can be easily avoided in the algorithm, repetition may be
necessary to generate a record set of large size from a selection
bin of relatively small size.

Fig. 8 compares the spectral distribution of the selected ground
motion sets against the scenario earthquake (labeled as “scenario”)
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Fig. 12. Distribution of MIDRs for each story (ground motion set Group 1). (a) 30-record set, (b) 60-record set, (c) 100-record set and (d) 200-record set.
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for the 30-, 60-, 100- and 200-record sets. Since the GMSM
procedure selects and scales the records to fit both the median
and the standard deviation, these curves closely resembled the
prescribed values. While in this example, the fitness of the scaled
record spectrum to the target spectrum is specified over the entire
period range (0.01-10 s), fitness over a period range of importance
can be improved by using weighting functions as mentioned in Step
(3) of Section 4.1. Based on the previous studies, the inelastic
structural response is sensitive to the response spectral shape over
a period range from the third-mode period, Ts, to twice of the first-
mode period, 2T,. The period range of importance may be chosen
ranging from 0.5 to 5 s for this structure.

5.3. Predicted inelastic structural response

Nonlinear numerical analyses were performed to investigate
the seismic response of the 20-story building using the scaled
acceleration time-history sets. To simplify the analyses, the max-
imum interstory drift ratio of all stories (MIDR) was chosen to
evaluate the seismic performance. Fig. 9(a) juxtaposes the empiri-
cal CDFs for all four ground motion sets in Group 1. It is observed
that all empirical CDFs can be well-fitted using lognormal dis-
tribution functions, as shown in Fig. 9(b). Very consistent results
were obtained for all cases except for the 30-record set, where the
MIDRs were slightly underestimated. The underestimation is
mainly due to underestimated spectral amplitudes around the
first-mode period of 2.63s, as can be clearly seen in Fig. 8(b).
Although 30 records may not be statistically sufficient to represent
the spectral variability over a wide range of periods, improvement
can be made over a narrower period range of importance from 0.5
to 5s, as discussed in the previous section.

To further investigate the GMSM scheme, a second group (called
Group 2) of ground motion sets was generated using the refined
algorithm as discussed in Section 4.3. The ground motion datasets
in Group 2 achieved the global minimum in record residuals at the
expense of higher computational cost than that of Group 1. Group 2
also contains four independent datasets of population 30, 60, 100
and 200. For simplicity, only the 30-record set of Group 2 is shown
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in Fig. 10. Compared with the 30-record set of Group 1, the spectral
distribution around the first-mode period of the structure is greatly
improved for the 30-record set of Group 2. Accordingly, the CDF
distribution of the MIDRs is more similar to the record sets of larger
populations. A comparison of the empirical CDFs and the fitted
lognormal CDFs is illustrated in Fig. 11 for ground motion set
Group 2.

Table. 3 summarizes the estimated lognormal MIDR distribu-
tions for all ground motion sets using the maximum likelihood
estimation. In general, the relative errors are reduced when the
population of the ground motion sets is increased. For both Group 1
and Group 2, very similar MIDR distributions were obtained from
the 60-, 100- and 200-record sets, where the difference is less than
3% for the median MIDRs, and less than 10% for MIDRs at the
median +2 standard deviations level.

A comparison of the predicted MIDRs between Group 1 and
Group 2 indicates that the refined algorithm does not effectively
improve the ground motion sets of large populations (100- and
200-record sets). For example, the relative difference in MIDRs is
less than 2.5% between the 200-record sets of the two groups.
However, the refined algorithm significantly improved the
30-record set. It is observed that the relative error of MIDRs at
the median +2 standard deviations level was reduced from 32% to
15%. Therefore, the refined algorithm is recommended only to
improve the smaller population cases. Application of the refined
algorithm to large population cases (population > 100) will result
in much higher computational cost with little improvement.

Moreover, the distributions of the MIDRs for each story were
examined in Fig. 12 for each ground motion set in Group 1. The
story-by-story distributions of the MIDRs provide important
details for structural optimization. It can be seen that the record
sets result in rather consistent MIDRs distributions, especially for
the cases of 100 and 200 record populations. It is observed that the
MIDRs also approximately follows lognormal distributions for each
story. Fig. 13 summarizes the predicted median value and med-
ian + one standard deviation curves for all ground motion sets.
Again, consistent results were obtained for all cases, indicating the
plausibility of the proposed GMSM in capturing the variability of
detailed structural response for a specified earthquake scenario.
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Fig. 13. Summary of the story-by-story MIDR distributions for all ground motion sets. (a) Ground motion set Group 1, (b) Ground motion set Group 2.
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Fig. 14. Contours of correlation coefficients of spectral accelerations: (a) empirical correlation coefficients from NGA databset, adopted from Ref. [14], (b) realized correlation
coefficients from 100-record set and (c) from 200-record set of ground motion set Group 1.

Although detailed structural analysis is beyond the scope of this
paper, it is worth pointing out that large MIDRs are localized in the
lower 1-5 stories of the building. Participation of higher modes is
also important in view of the shapes of MIDR distributions.

As a final check, the correlation coefficients of spectral accel-
erations obtained from the selected record sets were compared
with those regressed from NGA dataset by Baker and Jayaram [14],
as shown in Fig. 14. Excellent agreement between these cases
indicates that the GMSM method can satisfactorily capture the
correlation structure of the scenario earthquake in the scaled
record sets, although the GMSM algorithm does not explicitly
assess the correlation in the selection and modification process. It is
worth pointing out that the realized correlation in Fig. 14(b,c)
resembles the one regressed from the strong motion data in
Fig. 14(a) more than the smoothed empirical function by Baker
and Jayaram in Fig. 1(b), although the correlated target spectra
were generated according to the latter.

6. Discussion and Conclusions

In this paper, a new ground motion selection and modification
(GMSM) method is proposed to generate a ground motion set that
realistically represents the response spectrum characteristics and
variability of a scenario earthquake. The proposed algorithm is
computational efficient, and the complexity is linear with respect
to the size of the database and the population of selected records. By
scaling the record spectrum to best match each target spectrum that is
randomly generated from a correlated multivariable distribution, the
resulting ground motion set can capture the statistical distribution
(median, standard deviation and correlation) of the response spectra
of a scenario earthquake. It is worth pointing out that the scenario
considered throughout the paper conditions on specified earthquake
magnitude, rupture distance, type of faulting, site conditions, etc.
However, the scenario does not condition on a specific spectral
acceleration level, such as the spectral acceleration of the
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fundamental period of the structure, Sy(T;). If this conditional
earthquake scenario is considered, the recommended procedure will
need to be modified. The modification is straightforward by using the
conditional mean spectrum, conditional standard deviation and
conditional correlation coefficients in the algorithm to capture the
variability of a conditional earthquake scenario.

To demonstrate the efficiency of the proposed algorithm,
numerical analyses of a 20-story RC frame structure were per-
formed using seven independent record sets with populations of
30, 60, 100 and 200. The example demonstrated that the proposed
method has excellent capacity in capturing the full distribution of
interstory drift response under a specified scenario. In particular, a
suite of 30 or 60 records selected using the refined algorithm can
lead to statistically stable results similar to those obtained from a
much larger set, which is quite encouraging for the method to be
used in engineering practice. Therefore, the refined algorithm with
30 or 60 ground motions is recommended for practical use in these
computationally expensive models. The GMSM method provides a
direct approach to accurately evaluate the variability of nonlinear
seismic response for a specific scenario, which is otherwise difficult
to quantify. Therefore, the proposed method has significant
implications in performance-based earthquake design.

The record set that preserves the characteristics and variability
of response spectra is also helpful to develop predictive models for
seismic response of structural and geotechnical systems. Choosing
proper intensity measures that have the most predictive powers is
the key step in these efforts, and it is still a subject of intense debate.
For example, the spectral accelerations (S,) near the fundamental
period of the structure, S,(T;), has often been found effective to
predict the interstory drift response of first-mode dominate
buildings. On the other hand, the peak floor accelerations are more
sensitive to the spectral values at high frequencies. The drawback of
the traditional methods is that they rely on an accurate estimate of
the structural periods. Moreover, contributions from higher fre-
quency modes at periods lower than T; or low frequency modes at
periods higher than T; should be accounted for in inelastic analyses.
The problem is particularly important for broadband systems, such
as liquefiable soil grounds, Earth slopes and Earth dams. The
seismic responses of these nonlinear systems are significantly
different from those of buildings in that under strong shaking, the
dynamic soil response is affected by ground motion amplitude and
frequency contents over a broad range of periods. Spectral accel-
erations at discrete periods, for example, S,(T;) and S,(1.5T;) have
been used to predict the seismic displacement of soil embankments
considering period elongation of a nonlinear Earth system [22]. By
preserving the response spectrum characteristics and variability
over a wide range of periods, the proposed GMSM method will
improve the accuracy of the seismic performance evaluation of
these broadband systems. Studies are underway to apply the
GMSM method to these types of systems. The restrictions and
limitations of the method will also be explored in future studies.
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