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ABSTRACT

The procedures used to select and scale earthquake ground motions for nonlinear response-history analysis directly
affect the distributions of response of structural components and nonstructural components (secondary systems). The paper
presents the results of a study of three scaling methods: 1) geometric mean scaling of pairs of ground motions, 2) spectrum
matching of ground-motion components and 3) first-mode-period scaling to a target spectral acceleration. Data were
developed by nonlinear response-history analysis of a large family of nonlinear SDOF oscillators that could represent fixed-
base and base-isolated nuclear power plants and conventional building structures. The results show that Method 1 preserves
the irregular spectral shape of recorded ground motion and retains some dispersion in the spectral demand. The shape of the
median spectrum for a bin of ground motions scaled by this method is dominated by the pre-scaled shape of the median
spectrum. Method 2 underestimates the median seismic demand in nonlinear systems with ductility greater than 2.5 and
cannot capture the dispersion in the structural response. Method 3 provides unbiased estimates of median responses of
nonlinear systems, produces dispersions of the same order as or greater than those of Method 1 for nonlinear systems with
ductility greater than 3, but cannot capture the dispersion in response of elastic and near-elastic systems.

INTRODUCTION

The sets of earthquake acceleration records used for nonlinear response-history analysis are usually developed by 1)
generating synthetic ground motions to closely match a target uniform hazard spectrum (UHS), or 2) amplitude scaling
recorded ground motions to the intensity characterized by a target UHS in the period range of interest. Seed ground motions
for the second procedure are often generated by de-aggregating the target UHS at the first mode period of the structure (T,)
to determine the modal magnitude (M ) and site-to-source distance(s) (r) pair, and then selecting recorded ground motions
corresponding to the modal [ M , r] pair and local site conditions for scaling.

The choice of scaling method depends on the purpose of the response-history analysis. If the purpose is to compute
acceleration and drift responses of a structure subjected to ground motions of a specific intensity (i.e., a user-defined response
spectrum), ground motions should be scaled to the intensity at the period of interest. If the ground motions are to be scaled to
represent a magnitude-distance scenario, the scaling procedure should facilitate the computation of median responses and the
corresponding dispersions.

This paper seeks to identify the influence of different scaling procedures on the distributions of structural responses and
demands on nonstructural components and secondary systems. Results of analysis using three scaling procedures are
presented: a spectrum-matching procedure and two amplitude-scaling procedures. Bilinear single-degree-of-freedom (SDOF)
oscillators are used to represent fixed-based and base-isolated structures. Both median responses and dispersions are reported.
The advantages and disadvantages of the procedures are identified.

One issue that not addressed here is spectral shape for long return period earthquake shaking. Conventional probabilistic
seismic hazard analysis cannot consider the correlation of spectral demand at two periods. Importantly, the spectrum from
one rare earthquake ground motion is unlikely to have the same shape as the UHS across a wide range of period [1]. Baker
and Cornell [2] recently introduced a conditional mean spectrum that considers the correlation of spectral demands at
different periods. They suggested alternate procedures for selecting and scaling ground motions to represent very rare
earthquake shaking.

NUMERICAL MODELS AND SEED GROUND MOTIONS

A large number of bilinear SDOF models were analyzed for this study [3, 4]. Yield strengths were set at infinity, 0.40W,
0.20W, 0.10W, and 0.06W to represent, albeit simplistically, conventional and isolated (0.06W) construction, where W is the
reactive weight of the structure. In this paper, only those results for oscillators with yield strength equal to infinity, 0.40W and
0.06W are presented. For the oscillators with yield strengths of infinity and 0.40W, the elastic period ranged between 0.05
second and 2 seconds; for the oscillator with yield strength of 0.06W, the post-yield (isolated) period ranged between 2 and 4
seconds. The ratio of post-yield to elastic stiffness was set to 0.1 for all oscillators.
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Response-history analysis was performed using the 25 pairs of far-field earthquake histories listed in Tables 1. (Studies
were also performed for near-fault motions; see Huang et al. [3, 4] for details.) These seed ground motions were chosen from
the list presented in lervolino and Cornell [5] with moment magnitudes ranging between 6.3 and 7.1 and site-to-source
distances ranging between 20 and 50 km. The records are from California earthquakes and were chosen to avoid directivity
(pulse-type effects). All records are for NEHRP Site Classes C and D [6] and were assembled from the Pacific Earthquake
Engineering Research (PEER) Center Strong Motion Database (http://peer.berkeley.edu/smcat)

Table 1. Seed ground motions

Designation Event Station M r

FF1, FF2 Cape Mendocino 04/25/92 18:06 89509 Eureka—Myrtle & West 7.1 44.6
FF3, FF4 Cape Mendocino 04/25/92 18:06 89486 Fortuna—Fortuna Blvd 7.1 23.6
FF5, FF6 Coalinga 1983/05/02 23:42 36410 Parkfield—Cholame 3W 6.4 43.9
FF7, FF8 Coalinga 1983/05/02 23:42 36444 Parkfield—Fault Zone 10 6.4 30.4
FF9, FF10 Coalinga 1983/05/02 23:42 36408 Parkfield—Fault Zone 3 6.4 36.4
FF11, FF12 | Coalinga 1983/05/02 23:42 36439 Parkfield—Gold Hill 3E 6.4 29.2
FF13, FF14 | Imperial Valley 10/15/79 23:16 5052 Plaster City 6.5 317
FF15, FF16 | Imperial Valley 10/15/79 23:16 724 Niland Fire Station 6.5 35.9
FF17, FF18 | Imperial Valley 10/15/79 23:16 6605 Delta 6.5 43.6
FF19, FF20 | Imperial Valley 10/15/79 23:16 5066 Coachella Canal #4 6.5 49.3
FF21, FF22 | Landers 06/28/92 11:58 22074Yermo Fire Station 7.3 24.9
FF23, FF24 | Landers 06/28/92 11:58 12025 Palm Springs Airport 7.3 375
FF25, FF26 | Landers 06/28/92 11:58 12149 Desert Hot Springs 7.3 23.2
FF27, FF28 | Loma Prieta 10/18/89 00:05 47524 Hollister—South & Pine 6.9 28.8
FF29, FF30 | Loma Prieta 10/18/89 00:05 47179 Salinas—John &Work 6.9 32.6
FF31, FF32 | Loma Prieta 10/18/89 00:05 1002 APEEL 2—Redwood City 6.9 479
FF33, FF34 | Northridge 01/17/94 12:31 14368 Downey—Co Maint Bldg 6.7 47.6
FF35, FF36 | Northridge 01/17/94 12:31 24271 Lake Hughes #1 6.7 36.3
FF37, FF38 | Northridge 01/17/94 12:31 14403 LA—116th St School 6.7 41.9
FF39, FF40 | San Fernando 02/09/71 14:00 125 Lake Hughes #1 6.6 25.8
FF41, FF42 | San Fernando 02/09/71 14:00 262 Palmdale Fire Station 6.6 25.4
FF43, FF44 | San Fernando 02/09/71 14:00 289 Whittier Narrows Dam 6.6 45.1
FF45, FF46 | San Fernando 02/09/71 14:00 135 LA—Hollywood Stor Lot 6.6 21.2
FFA7, FF48 | Superstition Hills (A) 11/24/87 05:14 | 5210Wildlife Liquef. Array 6.3 24.7
FF49, FF50 | Superstition Hills (B) 11/24/87 13:16 | 5210Wildlife Liquef. Array 6.7 24.4

THREE PROCEDURES FOR SCALING GROUND MOTIONS

Method 1: Geometric mean scaling of pairs of ground motions (Bin 1)

Method 1 involves amplitude scaling a pair of ground motions by a single factor to minimize the sum of the squared
errors between the target spectral values and the geometric mean (square root of the product) of the spectral ordinates for the
pair at periods of 0.3, 0.6, 1, 2 and 4 seconds. The resultant amplitude-scaled ground motions are denoted herein as Bin 1

motions.

Fig. 1a shows the target spectrum for Bin 1 motions, which was determined by amplitude scaling a spectrum developed
by Somerville et al. [7] from the USGS hazard maps for a 2% probability of exceedance in 50 years and a site in Los Angeles.
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Since the spectral ordinates in the Somerville spectrum included near-fault effects, the ordinates were divided by the short-
period near-source factor N, at periods of 0.3 and 0.6 second, and by the long-period near-source factor N, at periods of 1,
2 and 4 seconds' to generate the target spectrum shown in Fig. 1la. Values of 1.2 and 1.6 were selected for N, and N, ,
respectively, assuming seismic source type A (as defined by the 1997 Uniform Building Code [8]) and a site-to-source
distance of 5 km.

The solid lines in Fig. 1a presents the 84th, 50th (median) and 16th percentiles of elastic spectral acceleration for the Bin
1 ground motions. The solid line in Fig. 1b presents the dispersion (i.e., logarithmic standard deviation, ) of elastic spectral
acceleration for the Bin 1 ground motions. The statistical interpretation of the results presented in the paper assumed that the
peak values obtained from response-history analysis, for a given oscillator subjected to a given bin of ground motions, were
lognormally distributed. The median, £, 84th and 16th percentile responses were computed using (1) through (4).

8=exp[%iln yi] Q)

ﬂ=\/ﬁi(lnyi ~Inoy? @)
Yaatn = 6-¢’ 3
Yieth = 6-e’ (4)

where n is the total number of ground motions (50 in this study); y; is the peak response for the ith ground motion; and &,
B Vier @nd Vg, are the median (50th percentile), logarithmic standard deviation, 16th percentile and 84th percentile of
response, respectively. The probability distribution of spectral acceleration at a period of 1 second is shown in Fig. 1a with
6=0.76 gand f =0.43.

This scaling procedure preserves some dispersion in the spectral demand at a given period and the irregular spectral
shapes of the seed ground motions. This scaling procedure preserves aleatory variability, which characterizes the inherent
variability of earthquake shaking [9]. However, whether sufficient dispersion is preserved by this method depends on the
dispersion in the attenuation relationships used to compute the spectral acceleration conditioned on the [M , r] pair—the
method will typically either underestimate or overestimate the target dispersion.

Fig. 1a serves to identify a shortcoming with this scaling procedure, namely, a difference of about 0.3 g between the
median ordinate and target spectral ordinate at a period of 0.6 second. The scaling procedure minimizes the sum of the
squared errors between the target spectral values and the geometric mean of the spectral ordinates for each individual pair of
ground motions but doesn’t minimize the sum of the squared errors between the target spectrum and the median spectrum for
all 50 ground motions.

The median (6 ) spectral accelerations and dispersions ( £) of the ground motions of Table 1, before and after scaling,
are plotted in Fig. 2. The records were scaled with target values at periods of a) 0.3 second only, b) 0.3 and 2 seconds, and c)
0.3, 0.6, 1, 2 and 4 seconds. The median spectra for the original (or pre-scaled) motions and the three sets of the amplitude-
scaled motions were normalized to the target spectrum at a period of 0.3 second to study the impact of using multiple target
periods on the shape of the resultant median spectrum. Fig. 2a presents the normalized median spectra and the target spectral
values for the four sets of ground motions. Fig. 2b shows the dispersions in the spectral acceleration for the four sets ground
motions.

Analysis of the data presented in Figure 2 shows that the shape of the median spectrum after geometric mean scaling of
pairs of ground motions is independent of the target spectral values and is nearly identical to the shape of the pre-scaled
median spectrum: the normalized median spectra are identical (see Fig. 2a). The geometric-mean scaling method does not
minimize the sum of the squared errors between the target and median spectra, resulting in the spectral difference seen in Fig.
la at a period of 0.6 second. If the period range of interest is broad and different magnitude-distance pairs dominate the UHS
across the subject period range, it will be difficult to select a set of ground motions whose median spectrum closely matches
the target spectrum. Figure 2b shows that this scaling method reduces the dispersion in the spectral acceleration with respect
to the pre-scaled motions. For scenario analysis, multiple trials might be required to select a bin of ground motions to achieve
the appropriate dispersion.

! Near-source factors N, and N, are presented in the 1997 Uniform Building Code [8] to account for near-fault (rupture
directivity) effects in the short and long period ranges of the acceleration response spectrum, respectively.
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Fig. 1. 84th, 50th and 16th percentiles and gof spectral acceleration for ground motions in Bins
1 and 2.

Figure 3 presents the 16th, 50th and 84th percentiles and S of peak displacement for all oscillators considered herein
and the Bin 1 motions. The dashed lines in Figs. 3b and 3c identify the yield displacement for each oscillator. The value of
B varies mainly between 0.3 and 0.9.
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Fig. 2. Geometric-mean scaling of pairs of ground motions from Table 1.

The ground motions of Bin 1 are assumed hereafter to represent the seismic hazard for 2/50 shaking at a far-field site in
California. The results of linear and nonlinear analysis using the 50 motions in Bin 1 are used to benchmark the results of the
other two scaling methods.

Method 2: Spectrum matching (Bin 2)

To judge the utility of using spectrum-matched ground motions for predicting the response of nonlinear systems, the
seed motions of Table 1 were modified to match the median spectrum of Bin 1 (see Figure 2) using the computer code
RSPMATCH [10]. The bin of 50 spectrally matched motions is labeled Bin 2. The 16th, 50th and 84th percentiles of elastic
spectral acceleration for the Bin 2 motions are shown in Fig. 1. The median spectral accelerations for Bins 1 and 2 are
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virtually identical. Fig. 1b presents the dispersion in the spectral accelerations for Bins 1 and 2. The dispersion in the bin of
spectrally matched ground motions (Bin 2) is negligible.

The 16th, 50th and 84th percentiles and g of the elastic and inelastic peak displacement for the Bin 2 motions are
shown in Fig. 3 together with those for Bin 1. The results indicate that the use of spectrally matched ground motions
underestimate the median peak displacement demand in the nonlinear systems analyzed in this study and cannot capture the
dispersion in the displacement response. For F, =0.4W (see Fig. 3b), the ductility ratio (defined as the ratio of the median
peak displacement and the yield displacement of a given oscillator) varies between 2.5 and 5 and the median responses are
underestimated by 10% to 20%. For F, =0.06W (see Fig. 3c), the median responses are underestimated by 15%. This
observation is similar to that of Carballo and Cornell [11]. A similar result is observed with near-fault ground motions [3, 4].
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Fig. 3. 84th, 50th and 16th percentiles and g of peak displacement for ground motions in Bins 1
and 2.
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Method 3: Shome, Cornell et al. (Bin 3)

Shome et al. [12] proposed a method for scaling ground motions that involves amplitude scaling ground motion records
to a specified spectral acceleration at the first mode period of the structure. Each of the 50 seed motions of Table 1 was scaled
to match the median elastic spectral acceleration of Bin 1 at many periods in the range of 0.05 to 4 seconds, where the
oscillator period is based on the elastic stiffness. This bin of amplitude-scaled motions is labeled Bin 3. Fig. 4 presents the
16th, 50th, 84th percentiles and S of peak displacement for Bins 1 and 3. The dispersion in the elastic response for the Bin 3
motions is zero as seen in Fig. 4d: an expected result because all motions were matched to a specified spectral acceleration at
each period. Figure 4 shows that this scaling method produces unbiased to slightly conservative estimates of the median
displacement response even for the weakest oscillator (i.e., F, =0.06W) for which the post-yield (stiffness) period dictates
the displacement response. For F, =0.40W, the ductility ratio for the median peak displacement varies between 3 and 5.5.
The dispersion, g, for Bin 3 is greater than that for Bin 1 for periods between 0.1 and 0.5 second and smaller for periods
greater than 0.5 second. The dispersion for Bin 3 will trend to zero as the period increases because the ductility ratio
decreases as the period of the oscillator increases. For the weakest oscillator, the dispersions for Bins 1 and 3 are similar.
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CONCLUSION

Nonlinear response-history analysis was performed using bilinear single-degree-of-freedom oscillators to study the
impact of three ground-motion scaling procedures on the distribution of displacement responses for conventional and base-
isolated safety-related nuclear and conventional structures. The key conclusions of the study are:

1. Method 1 amplitude scales the geometric mean of a pair of recorded ground motions by a single factor to minimize
the sum of the squared errors between the target spectral values and the geometric mean of the spectral ordinates for
the pair of motions. It preserves the irregular spectral shapes of recorded ground motion and some dispersion in the
spectral demand. The shape of the median spectrum for a bin of ground motions scaled by this method is dominated
by the pre-scaled shape of the median spectrum for the bin. If a wide range of periods must be addressed for analysis,
and multiple [ M, r] pairs dominate the uniform hazard spectrum at different periods across the range of interest, it
will be difficult to select a bin of ground motions whose median spectrum closely matches the target spectrum.

2. Method 2 spectrally matches a single ground motion component to a target spectrum. The method underestimates
the median displacement demand in nonlinear systems with ductility ratio greater than 2.5 and cannot capture the
dispersion in the structural response because the scatter in the spectral ordinates is eliminated by the matching
process. Earthquake ground motions that are spectrally matched to target median spectrum should not be used to
characterize the distribution of seismic because the median displacement response will be underestimated for
nonlinear systems and the dispersion in the displacement response is underestimated by a wide margin for all
systems, regardless of whether the response is linear or nonlinear.

3. Method 3 involves the amplitude scaling of a single ground motion component to a specified value of spectral
acceleration at the first mode period of the structural system. The method provides unbiased estimates of median
responses of nonlinear systems and produces dispersions of the same order as or greater than those of Method 1 for
nonlinear systems with ductility greater than 3 because the first mode period does not necessarily dictate the
response of such systems. However, the method cannot capture the dispersion in response of elastic and near-elastic
systems.
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NOMENCLATURE

M Moment magnitude.

n Total number of records in a ground motion bin.

N, Short-period near-source factor per the 1997 Uniform Building Code.
N, Long-period near-source factor per the 1997 Uniform Building Code.
r Closest site-to-source distance.

T, First mode period.

W Reactive weight.

Peak response of an oscillator subjected to the ith ground motion in a bin of ground motions.

YVisth 16th percentile of the peak responses of an oscillator subjected to a given bin of ground motions.

Yean  84th percentile of the peak responses of an oscillator subjected to a given bin of ground motions.

p Logarithmic standard deviation of the peak responses of an oscillator subjected to a given bin of ground motions.
1 Median peak responses of an oscillator subjected to a given bin of ground motions.

<
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