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Summary

Amplitude scaling is commonly used to select ground motions matching a tar-

get response spectrum. In this paper, the effect of scaling limits on ground

motion selection, based on the conditional spectrum framework, is investi-

gated. Target spectra are computed for four probabilistic seismic hazard cases

in Western United States, and 16 ground motion suites are selected using dif-

ferent scaling limits (ie, 2, 5, 10, and 15). Comparison of spectral acceleration

distributions of the selected ground motion suites demonstrates that the use

of a scaling limit of 2 yields a relatively poor representation of the target spec-

tra, because of the small limit leading to an insufficient number of available

ground motions. It is also shown that increasing scaling limit results in selected

ground motions with generally increased distributions of Arias intensity and

significant duration Ds5‐75, implying that scaling limit consideration can signif-

icantly influence the cumulative and duration characteristics of selected

ground motions. The ground motion suites selected are then used as input

for slope displacement and structural dynamic analyses. Comparative results

demonstrate that the consideration of scaling limits in ground motion selection

has a notable influence on the distribution of the engineering demand param-

eters calculated (ie, slope displacement and interstory drift ratio). Finally,

based on extensive analyses, a scaling limit range of 3 to 5 is recommended

for general use when selecting ground motion records from the NGA‐West2

database.

KEYWORDS

conditional spectrum, generalized IMs, ground motion selection, scaling limit, seismic dynamic

analysis
1 | INTRODUCTION

Dynamic time history analysis is usually required in modern design codes,1,2 and a suite of ground motions that match a
target response spectrum are needed as input. The conditional mean spectrum,3 conditional spectrum (CS),4 and the
commonly used uniform hazard spectrum can be regarded as the “target” in engineering practice. Thus, selecting a suite
of appropriate ground motion records plays an important role in assessing the dynamic response of structures or infra-
structures. Many methods and tools have been developed in selecting ground motions to date.3-15 Classic methods are
conducted to select ground motions that have response spectra matching the specified target (mean) spectrum only,3,6,14
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while advanced methods have been proposed to select ground motions matching both the mean and variance of the tar-
get spectrum, such as the CS‐based ground motion selection approach.4,11 To further quantify the distribution of mul-
tiple intensity measures (IMs) rather than spectral acceleration (SA) ordinates only, Tarbali and Bradley13 presented a
ground motion selection algorithm based on the generalized conditional IM (GCIM) methodology.7 More recently, Du
and Wang15 demonstrated the advantage of using generalized IMs as “target” in selecting ground motions for engineer-
ing applications.

Because of the scarcity of high‐amplitude ground motion records, selecting and scaling ground motions to reach the
target spectrum level are then a procedure commonly used for dynamic analysis.16-18 Despite its prevalent use, such
ground motion scaling is just an empirical approach without a physical premise. Some researchers have stated that
(large) scaling of ground motions may result in a bias in the response of nonlinear engineering systems.19-21 Yet, in
the earthquake engineering community, there is currently no consensus about the impact of using scaled ground
motions in dynamic analysis, as well as the “appropriate” scaling limit in selecting ground motions. Such limit is usually
subjective, with scaling bounds ranging from 1 (no scaling allowed) to more than 10 in different applications. Specifi-
cally, although amplitude scaling is generally recommended in recent ground motion selection approaches,4,9 no guid-
ance or recommendation exists on how to specify an appropriate scaling limit.

The objective of this paper is thus to quantify the influence of scaling limit on ground motion selection based on the
CS‐based methodology. Four scaling limits (ie, 2, 5, 10, and 15) are considered to select ground motions for four seismic
hazard cases. The representative seismic hazard cases, along with the ground motion dataset employed, are introduced
in Section 2. The characteristics of ground motion suites selected using different scaling limits are presented and com-
pared in Section 3. In Sections 4 and 5, seismic slope displacement and structural analyses are carried out using the
selected ground motion suites, and the influence of scaling limits on the dynamic performance of the engineering sys-
tems is scrutinized. Finally, general recommendations and concluding remarks are provided in Sections 6 and 7,
respectively.
2 | SEISMIC HAZARD ANALYSIS AND GROUND MOTION DATASET
2.1 | Representative seismic hazard cases

The standard procedures for specifying a target CS are listed as follows: (a) Probabilistic seismic hazard analysis (PSHA)
is conducted at a given site for a period of interest T*; (b) the distribution of causal parameters (eg, moment magnitude
Mw and rupture distance Rrup) contributing to the occurrence of a specified hazard level is then obtained by
deaggregation; (c) a CS (both mean and variance) can be calculated based on a combination of deaggregation results,
ground motion prediction equations (GMPEs), and empirical correlations between pairs of SAs.22 The detailed proce-
dures can be found in Baker.3

Four seismic hazard cases are considered in this paper, including two sites (San Francisco and Seattle) in Western
United States, each with two SA periods of interest (conditioning period T* as 0.2 and 1.0 s, respectively). The detailed
information about the hazard cases, including its geographic location, site condition, conditioning period, and hazard
level, is listed in Table 1. The PSHA and deaggregation results were obtained from the United States Geological Survey
(USGS) Web tool.23 Figure 1 illustrates the deaggregation distributions of Mw, Rrup, and ε for hazard cases I and IV,
respectively. It can be seen that for case I, the near‐fault earthquake scenarios contribute predominantly to the occur-
rence of the hazard, while for case IV, both near‐fault and moderate‐to‐far distance scenarios have a contribution to
the occurrence of the hazard level. Therefore, the four seismic hazard cases considered cover a relatively wide range
of earthquake scenarios.
TABLE 1 Summary of the seismic hazard cases considered in this study

Case Site Latitude, ° Longitude, ° Vs30, m/s Conditioning Period, s Hazard Level

I San Francisco 37.775 −122.419 360 0.2 2% in 50 y

II San Francisco 37.775 −122.419 360 1.0 2% in 50 y

III Seattle 47.606 −122.332 360 0.2 2% in 50 y

IV Seattle 47.606 −122.332 360 1.0 2% in 50 y



FIGURE 1 Probabilistic seismic hazard

analysis deaggregation distributions for a

2% exceedance probability in 50 years for

(A) case I: San Francisco at spectral

acceleration (SA) at 0.2 s hazard; (B) case

IV: Seattle at SA (1 s) hazard. Figures were

obtained from the United States

Geological Survey (USGS) interactive Web

tool.23 The mean deaggregation results are

listed in Table 2 [Colour figure can be

viewed at wileyonlinelibrary.com]
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The mean values of Mw/Rrup from deaggregation results (denoted asMw and Rrup hereafter) for the four hazard cases

are listed in Table 2. It is worth noting that the Mw and Rrup values for cases III and IV are approximations of the
deaggregation results, because of multiple seismic sources contributing to their seismic hazard (Figure 1B). For each
hazard case, the GMPE‐specific ε value, which is the number of standard deviations by which the target SA is larger

than the predicted median,24 is calculated and listed in Table 2. Therefore, the Mw=Rrup=ε values represent the control-
ling earthquake scenario regarding the target hazard level of each case. We do not specify a selection constraint on Mw

and Rrup, because it would have a similar effect as scaling limit in the selection process. Besides, to select a suite of
ground motions with similar site characteristics, a selection constraint on Vs30 (time‐averaged shear wave velocity in
TABLE 2 Representative hazard targets based on deaggregation results and selection constraints assigned in ground motion selection

Hazard
Case

Target Selection Constraint

Mw Rrup; km Vs30, m/s ε Vs30, min, m/s Vs30, max, m/s

I 7.36 13.71 360 2.53 180 540

II 7.7 13.95 360 1.66 180 540

III 7.01 38.09 360 3.40 180 540

IV 7.43 37.7 360 2.34 180 540

http://wileyonlinelibrary.com
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the upper 30 m of a soil profile) suggested by Tarbali and Bradley25 is adopted. As shown in Table 2, only records with
Vs30 between 0.5 and 1.5 times the site Vs30 value are considered as candidate ground motions.
2.2 | Ground motion dataset

A subset of the Pacific Earthquake Engineering Research Center's NGA‐West2 database26 is utilized in this study. The
whole NGA‐West2 database includes 21 533 three‐component uniformly processed recordings from 599 shallow crustal
earthquake events. Following the selection criteria adopted by Campbell and Bozorgnia,27 some low‐quality, incom-
plete, unreliable, or non–free‐field recordings are removed from the original database. Ground motions that fail to sat-
isfy the selection criteria on Vs30 are further excluded. The reduced dataset contains 10 679 recordings from 310
earthquakes, with Mw ranging from 3.05 to 7.9 and Rrup ranging from 0.1 to 499.54 km. Figure 2 shows the moment
magnitude and rupture distance distribution of the final dataset. Note that only the two horizontal components of
ground motion recordings are used in this study.
3 | INFLUENCE OF SCALING LIMITS ON CHARACTERISTICS OF
SELECTED GROUND MOTIONS
3.1 | Various limits of ground motion scaling

In this section, the CS‐based ground motion selection is conducted for the four target hazard cases, and suites of ground
motions are selected using various scaling limits. The scale factor groups considered are listed in Table 3, where groups
A and D represent the use of the narrowest and widest range of scale factors, respectively. For each target case and
FIGURE 2 Distribution of moment magnitude versus rupture distance for earthquake ground motions selected from the NGA‐West2

database

TABLE 3 Number of available ground motion recordings for each hazard case and scaling limit assigned

No. of Usable Records

Scale Factor Groups

A B C D
0‐2 0‐5 0‐10 0‐15

Hazard Cases I 60 397 860 1233
II 62 325 708 1015
III 113 530 1037 1470
IV 138 552 1026 1306
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scaling limit, the number of available ground motions in the dataset is also listed in Table 3. As expected, the number of
available ground motions increases as scaling limit increases.
3.2 | Ground motion selection approach

The CS provides the statistical distribution of SA ordinates that are conditioned on a target value at T*. The conditional
mean and standard deviation for logarithmic SAi (SA value at a specified period i) can be estimated as3

μ lnSAi∣ lnSA T*ð Þ ¼ μ lnSAi
Mw;Rrup; θ
� �þ σ lnSAi Mw;Rrup; θ

� �
⋅ρ lnSAi; lnSA T*ð Þ⋅ε T*

� �
; (1)

σ lnSAi∣ lnSA T*ð Þ ¼ σ lnSAi Mw;Rrup; θ
� �

⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ρ2

lnSAi; lnSA T*ð Þ
r

;
(2)

where μ lnSAi
Mw;Rrup; θ
� �

and σ lnSAi Mw;Rrup; θ
� �

denote the predicted median and standard deviation for SAi under a
specified earthquake scenario (Mw, Rrup, θ); ρ lnSAi; lnSA T*ð Þ is the correlation coefficient between SAi and SA(T*); and

ε(T*) is the number of standard deviations to quantify the difference between the target ln SA(T*) and the predicted
median μ lnSAi

Mw;Rrup; θ
� �

.
The selection algorithm proposed by Jayaram et al4 was adopted to select ground motions. The “target” consists of SA

ordinates at 24 periods over the whole period range (T = 0.01, 0.02, 0.05, 0.1, 0.125, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.7, 0.9,
1.0, 1.2, 1.4, 1.7, 2.0, 2.5, 3.0, 4.0, 5.0, 7.5, 10.0 s). The NGA‐West2 GMPE proposed by Campbell and Bozorgnia27 was
utilized for predicting the (unconditional) distribution of SAs. The empirical correlation model proposed by Jayaram
and Baker22 was used to construct the covariance matrix between SAs. The number of ground motion recordings
selected (sample size) in each suite is set as 30. To refine the ground motion suite selected, it is desirable to repeat
the selection process for several times. This is called a replicate selection procedure.13,15 The number of replicate selec-
tions is set as 4 herein. The greedy optimization technique introduced by Jayaram et al4 was also used to minimize the
mismatch between ground motion ensembles and the “target”.

A global residual R, which quantifies the difference between the statistical distribution of the selected ground motion
suite and the prescribed target distribution,9,15 is defined as

R ¼ ∑
NSA

i¼1
wi bm lnSAi−μ lnSAi

� �2 þ wi bs lnSAi−σ lnSAið Þ2
h i

; (3)

where bm lnSAi and bs lnSAi are the sample mean and standard deviation of lnSAi of the selected ground motion suite,
respectively; μ lnSAi

and σ lnSAi denote the target mean and standard deviation calculated based on Equations (1) and
(2); and wi is the assigned weight to SAi. Among the replicate selections, the ground motion suite that minimizes R
is selected as the final suite, which consists of 30 acceleration‐time series. Thus, R can be used to compare the appro-
priateness of the ground motion suites selected using different scaling limits. Note that equal weight w is assigned to
the SA ordinates considered in this study.
3.3 | Comparison of SA distributions of the selected ground motion suites

Following the procedures introduced above, 16 ground motion suites were selected to match the target spectra of the
seismic hazard cases. Figures 3 and 4 display the response spectra of ground motion suites selected using various scaling
limits (groups A‐D) for hazard cases I and IV, respectively. The statistical distributions (median, 2.5th and 97.5th per-
centiles) of the SA ordinates of selected ground motions are also compared with the “target” in each plot. It is observed
that the statistical distributions of the selected ground motion suites generally resemble the prescribed target distribu-
tions, indicating the robustness of the ground motion selection approach. Besides, the misfit of ground motions selected
based on the smallest scaling limit (group A) is more noticeable than those of the other groups (especially in Figure 4).
This is not a surprise because of the much fewer available ground motions in such a scaling limit (as listed in Table 3).
Figure 5A,B shows the cumulative distribution functions (CDFs) of scale factors utilized in hazard cases I and IV,
respectively. As expected, a larger scaling limit (eg, group D) leads to a wider distribution of scale factors. It is worth
noting that, although not illustrated in this manuscript, similar observations are also made for hazard cases II and III.



FIGURE 4 Spectral distributions of the selected ground motions considering different scaling limits (groups A‐D) for hazard case IV

(T* = 1 s, 2% in 50‐y hazard level in Seattle). The calculated global residuals R for groups A to D are 0.40, 0.10, 0.09, and 0.07, respectively

FIGURE 3 Spectral distributions of the selected ground motions considering different scaling limits (groups A‐D) for seismic hazard case I

(T* = 0.2 s, 2% in 50‐y hazard level in San Francisco)

DU ET AL. 1035
Figure 6 summarizes the calculated global residuals R for ground motion suites selected using various scaling limits
for all seismic hazard cases. Two observations can be made from this figure. First, as noted above, the use of the smallest
scaling limit (group A) yields the largest R, as a result of the fewest number of available ground motions. Second,
although the use of an excessive scaling limit (ie, groups C and D) brings in a great number of available ground motions,



FIGURE 5 Distribution of scale factors

employed for the selected ground motion

suites for (A) case I and (B) case IV,

respectively

FIGURE 6 Distribution of the global residuals, R, for the ground motion suites selected using various scaling limits for hazard cases I to IV
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the resultant quality of fit is generally in a similar level compared with group B. Thus, it seems that the use of excessive
scaling in ground motion selection would not greatly improve the quality of fit.
3.4 | Comparison of non‐SA IM distributions of the selected ground motion suites

Because of the complexity of seismic shaking, SA ordinates only cannot fully represent the ground motion characteris-
tics. Thus, to comprehensively investigate the effect of scaling limits on the characteristics of selected ground motions,
the distribution of non‐SA IMs also needs to be examined. Some IMs commonly used in earthquake engineering are
considered herein, including peak ground velocity (PGV), Arias intensity (Ia), significant duration (Ds5‐75), and the
mean period (Tm). The definitions of these IMs, along with the GMPEs adopted, are listed in Table 4. It can be seen that
the IMs employed can represent various aspects of ground motion characteristics (ie, peak velocity amplitude, cumula-
tive energy, duration, and frequency content).

To obtain the statistical distribution of the non‐SA IMs, the GCIM approach proposed by Bradley7 is utilized. The
conditional mean and standard deviation for these IMs can be similarly derived based on Equations (1) and (2). The
TABLE 4 Summary of the non–spectral acceleration intensity measures (IMs) and ground motion prediction equations (GMPEs) con-

sidered in this study

IM Definition GMPEs

PGV Peak ground velocity Campbell and Bozorgnia27

Ia Arias intensity28 Foulser‐Piggott and Stafford29

Ds5‐75 Significant duration (time interval between 5% and 75% of Ia) Du and Wang30

Tm The weighted average period in the Fourier spectrum31 Du32
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GMPEs listed in Table 4 are used for estimating the statistical distribution of the IMs based on the target causal param-
eters. Several researchers have studied the empirical correlations of SA with the non‐SA IMs,33-36 which are utilized for
obtaining the correlation coefficients between these IMs and SA at period T*.

Figures 7 and 8 present the empirical CDFs of the non‐SA IMs (ie, PGV, Ia, Ds5‐75, and Tm) of selected ground motion
suites for hazard cases I and IV, respectively. The GCIM distributions of these IMs, as well as the Kolmogorov‐Smirnov
(KS) test bounds at 5% significance level, are also presented in these figures. Note that these IMs are not considered as
“target” in the selection process, so it is not surprising that some empirical curves of these IMs (eg, Figure 7A and 8C)
have a biased distribution (lie outside the KS bounds). Specifically, most empirical curves of Ia lie outside the KS bounds
in Figure 8B, which is perhaps due to the incompatibility between the selected ground motion recordings and the
GMPE employed. The ground motions are selected from the NGA‐West2 database, whereas the GMPE for predicting
Ia29 was developed based on the original NGA‐West1 database. For each hazard case, it can be seen that the ground
FIGURE 7 Empirical cumulative

distribution functions (CDFs) of (A) PGV,

(B) Ia, (C) Ds5‐75, and (D) Tm of the

selected ground motions (groups A‐D) for

hazard case I. In these and the subsequent

plots, the “GCIM” curve is obtained based

on the GCIM methodology proposed by

Bradley,7 and the KS test bounds at 5%

significance level of these IMs are shown

in each plot

FIGURE 8 Empirical cumulative

distribution functions (CDFs) of (A) PGV,

(B) Ia, (C) Ds5‐75, and (D) Tm of the

selected ground motions (groups A‐D) for

hazard case IV
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motion groups selected using different scaling limits have a generally consistent distribution for PGV and Tm, while they
have distinctively different distributions for Ia and Ds5‐75.

Figure 9 further compares the calculated geometric means of the IMs of selected ground motion suites for all hazard
cases. For each hazard case, the geometric mean PGV and Tm values are in a similar range, whereas the geometric mean
values of Ia and Ds5‐75 generally increase with increasing scaling limit (ie, from group A to group D).

Physical reasons regarding the observations above are explored. Scaling limit has a little influence on the distribu-
tions of PGV and Tm of the selected ground motions. This might be due to the fact that (a) PGV exhibits moderate
and strong positive correlations with SA ordinates at short and moderate‐to‐long periods, respectively34; (b) both Tm

and the shape of a response spectrum represent the frequency‐content characteristic of a ground motion, so the magni-
tude of Tm is highly correlated with the spectral shape. Therefore, once the goodness of fit in terms of the target CS is
guaranteed when selecting a ground motion suite, the statistical distributions of PGV and Tm can be, to a large extent,
intrinsically constrained irrespective of the scaling limit assigned.

On the other hand, as scaling limit increases, the cumulative distributions of Ia and Ds5‐75 become generally larger.
The effect of scale factors on the magnitude of non‐SA IMs is different. For example, the magnitude of Ds5‐75 is inde-
pendent of scale factors, whereas the magnitude of Ia is proportional to the square of the scale factor assigned (Ia
increases by a factor of λ2 if a scale factor λ is employed). Thus, applying an excessive scaling limit tends to result in
ground motion suites with an enlarged distribution of Ia. The reason of the increase of Ds5‐75 is explained as follows.
The use of a larger scaling limit leads to a ground motion suite consisting of more (originally) low‐amplitude records.
Note that the low‐amplitude records are generally associated with relatively far rupture distance earthquake scenarios,
which tend to result in long‐duration ground motions.30 Consequently, a ground motion suite selected using excessive
scaling will possibly have an enlarged distribution of Ds5‐75. It is therefore evident that scaling limit consideration can
have a significant influence on the cumulative and duration characteristics of selected ground motions.
4 | SEISMIC SLOPE SLIDING DISPLACEMENT ANALYSIS
4.1 | Simplified slope models

The effect of scaling limits on the characteristics of the selected ground motion suites has been thoroughly studied in the
previous section. It is of interest in this section to estimate the dynamic performance of generic slopes, using ground
motion suites selected with various scaling limits.
FIGURE 9 Distributions of the

geometric mean values of PGV, Ia, Ds5‐75,

and Tm of ground motion groups A to D

for all hazard cases
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Evaluation of the coseismic sliding displacement of slopes, earth dams, or embankments is an important topic in geo-
technical earthquake engineering. Seismic sliding displacement analyses for flexible sliding masses are conducted
herein based on an equivalent‐linear coupled stick‐slip sliding mass model.37-39 In this model, the sliding mass is sim-
plified as a generalized single‐degree‐of‐freedom system governed by its first modal shape of vibration, and nonlinear
soil properties are implemented using an equivalent‐linear method. The detailed mathematical procedures of this model
have been summarized in Wang.40 The initial fundamental period (Ts) and yield acceleration (Ky) are used for charac-
terizing the stiffness and dynamic strength of a sliding mass, respectively. Ts can be estimated by the following expres-
sion: Ts = 4H/Vs, where H and Vs denote the average height and average shear wave velocity of a potential sliding mass,
respectively. Sliding initiates if the base acceleration exceeds Ky, and cumulative irreversible displacement can be calcu-
lated based on dynamic analysis. A demonstration of the potential sliding mass is illustrated in Figure 10.

Two kinds of potential sliding masses are considered, with Ts values of 0.2 and 1.0 second, respectively. The sliding
masses were assigned as a constant unit weight of 18 kN/m3, a plasticity index (PI) of 30, and a Vs value of 240 m/s.
Nonlinear properties of soils were modeled using an equivalent‐linear method, and the strain‐dependent shear modulus
reduction and material damping ratio curves proposed by Darendeli41 were used. The Ky values considered are in the
range of 0.05 to 0.2 g. Slope displacements are then calculated based on the combination of Ky and Ts using the ground
motion suites selected in Section 3.
4.2 | Comparison of the calculated slope displacements using selected ground motion
suites

The ground motion suites selected for hazard cases I, III (T* = 0.2 s), and II, IV (T* = 1.0 s) are used for computing the
displacement of slopes with Ts values of 0.2 and 1.0 second, respectively. Figure 11A‐D displays the comparisons of the
empirical CDFs of the calculated displacements using ground motion groups A to D for Ky = 0.05 g for seismic hazard
cases I to IV, respectively. It can be seen that in each plot, although the displacement distributions are broadly
FIGURE 10 Demonstration of a potential sliding mass. In this study, H is assigned as 12 m (Ts = 0.2 s) and 60 m (Ts = 1.0 s), respectively

FIGURE 11 Empirical cumulative

distribution functions (CDFs) of the

calculated sliding displacements

(Ky = 0.05 g) using ground motion groups

A to D for hazard cases (A) I, (B) II, (C)

III, and (D) IV, respectively
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consistent, the displacements calculated using ground motion groups C and D (with excessive scaling limits) are gener-
ally larger than the other groups, especially compared with group A.

The calculated median displacements for these cases are compared in Figure 12. It can be observed that there is a
clear increase in the median displacements with increasing scaling limit; the percentage increase estimated by group
D, with respect to group B, is in the range of 20% to 50%. Such increase ratio is notable given the calculated standard
deviations of the natural logarithm of displacements being about 0.7. As illustrated in Figures 3 and 4, the response
spectra of the ground motion suites A to D for each hazard case are generally consistent, so the increase in the calcu-
lated displacements can be attributed to the different distributions of non‐SA IMs, ie, Ia and Ds5‐75, as demonstrated in
Figures 7 and 8. Previous studies38,42 have reported a strong correlation between Ia and slope displacement, so the
increasing trend of displacements might be mainly caused by the increase of Ia of selected ground motion suites.

These observations confirm that, using input motions selected based on different scaling limits indeed has an influ-
ence on the calculated displacements of sliding masses. Although the ground motion suites (groups A‐D) have a similar
representation of the target spectra, the displacements calculated using ground motions selected with a higher scaling
limit are generally larger.
5 | STRUCTURAL DYNAMIC ANALYSIS

Two steel special moment frames, which are one‐story, one‐bay and three‐story, three‐bay structures, respectively, are
further modeled and employed for dynamic analysis, using the ground motion suites selected with various scaling
limits. They are modeled using OpenSees,43 based on the two‐story moment frame example posted by Dr Laura Eads
(accessible via http://opensees.berkeley.edu/wiki/index.php). The steel frames have the following design features: (a)
The nonlinear behavior is represented based on the concentrated plasticity concept; (b) the rotational behavior of the
plastic regions is defined based on the Modified Ibarra Krawinkler Deterioration Model44-46; (c) the cyclic deterioration
effect is neglected; (d) a leaning column is linked to the frame to denote P‐delta effects. The schematics of the moment
frames are illustrated in Figure 13. The frames are simulated using elastic elements with plastic hinges. The calculated
fundamental periods of the two structures are 0.20 and 1.01 seconds, respectively.
FIGURE 12 Distribution of the calculated median displacements using ground motion groups A to D for hazard cases I to IV

FIGURE 13 Schematic representation

of (A) one‐story, one‐bay and (B) three‐

story, three‐bay steel moment resisting

frame models. The fundamental periods

are 0.20 and 1.01 seconds, respectively

http://opensees.berkeley.edu/wiki/index.php
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The ground motion suites for hazard cases I and II are used as input for dynamic analysis of steel frames with fun-
damental periods of 0.20 and 1.01 seconds, respectively. The maximum interstory drift ratio (MIDR) of all stories is
adopted as the engineering demand parameter (EDP), and an unbounded increase in MIDR (eg, a threshold of 0.1
rad) can be regarded as structure collapse. Figure 14 compares the empirical CDFs of the calculated MIDRs using
ground motion groups A to D for seismic hazard cases I and II, respectively. Although broadly consistent results can
be observed for both plots, group D (with the largest scaling limit) exhibits the largest median MIDRs, about 10%
and four times larger than those of group B for hazard cases I and II, respectively. Thus, similar to the observation in
Section 4, ground motions selected based on excessive scaling would possibly yield overestimation of the calculated
EDPs. Recent studies15,47 have also demonstrated that ground motions with a biased distribution of Ia or Ds5‐75 can yield
a systematic bias in dynamic responses of engineering systems. Therefore, ground motions selected using excessive scal-
ing may introduce a bias in dynamic analysis, because of the inappropriate representation of the distribution of
cumulative‐ and duration‐based IMs.

Based on the results demonstrated in Sections 4 and 5, a scaling limit of 5 seems advisable when selecting ground
motions for dynamic analysis, whereas the scaling limit should not exceed 10 to avoid excessive scaling (as well as sub-
sequent bias in dynamic analysis).
6 | DISCUSSIONS

The results above indicate that the use of a small scaling limit in the CS‐based ground motion selection degrades the
goodness of fit regarding the target spectra, whereas the use of an excessive limit can yield a biased distribution with
respect to some non‐SA IMs. An additional analysis is then conducted to identify the “optimal” scaling limit in selecting
ground motions for general applications. Eighteen scaling limits are considered, which are evenly spaced between 1.5
and 10. In addition to the soil site condition (Vs30 = 360 m/s) previously used in cases I to IV, a soft rock site of
Vs30 = 760 m/s is also incorporated in this analysis. The number of records in a ground motion suite (Ngm) is set as

7, 15, and 30, respectively. Therefore, for the four hazard targets ( Mw=Rrup=ε shown in Table 2), a total of
4 × 2 × 3 × 18 = 432 ground motion selection analyses were conducted.

Figure 15A,B displays the calculated global residuals R with respect to scaling limits for the soil and rock site condi-
tions, respectively. Again, the selection constraint on Vs30 ([0.5Vs30, 1.5Vs30]) is applied to each case. In each plot, R
decreases rapidly with increasing scaling limit at values smaller than 3, and it keeps almost constant in which the scal-
ing limits are larger than 5. Therefore, a scaling limit in the range of 3 to 5 is generally recommended when selecting
ground motions from the NGA‐West2 database. Another observation is that, as the sample size Ngm increases, the var-
iation of R versus scaling limit becomes more notable. This indicates that the impact of scaling limit will be more sig-
nificant if a larger sample size is required in selecting ground motions.

The use of an excessive scaling limit in ground motion selection is not recommended, because it would not only
increase the computational cost but also tend to result in the selected ground motions with a less desirable representa-
tion of the cumulative and duration characteristics. However, it might be an inevitable choice, for instance, if the avail-
able ground motion dataset is small. In such a case, selecting ground motions based on generalized IMs rather than SA
ordinates only would be more suitable. Some cumulative‐ and duration‐based IMs, such as Ia and Ds5‐75, need to be
incorporated as “target” in the ground motion selection process, to provide additional constraints on the earthquake
characteristics.
FIGURE 14 Empirical cumulative

distribution functions (CDFs) of the

calculated maximum interstory drift ratios

(MIDRs) using ground motion groups A to

D for the dynamic performance of (A)

one‐story, one‐bay frame (hazard case I);

(B) three‐story, three‐bay frame (hazard

case II), respectively



FIGURE 15 Calculated global residuals R with respect to scaling limits for hazard cases I to IV and different sample sizes for (A) soil site of

Vs30 = 360 m/s; (B) rock site of Vs30 = 760 m/s
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This study comprehensively investigated the effect of scaling limits on CS‐based ground motion selection. Sixteen
ground motion suites were selected using four scaling limits (ie, 2, 5, 10, and 15) based on four seismic hazard cases
in Western United States. It was observed that using the scaling limit of 2 yields the largest misfit regarding the target
spectra, which is due to the fewest available ground motions under such a scaling restriction; the goodness of fit for
ground motions selected using the other scaling limits is generally similar. Besides, the distributions of non‐SA IMs
of selected ground motion suites were compared. The IMs consist of PGV, Ia, Ds5‐75, and Tm. It was demonstrated that
the change of a scaling limit does not noticeably influence the statistical distribution of PGV and Tm of selected ground
motions, whereas it has a great influence on the distribution of Ia and Ds5‐75. The application of a larger scaling limit
would, in general, lead to a ground motion suite with larger distributions of Ia and Ds5‐75, as a result of insufficient con-
straints on the cumulative and duration characteristics of ground motions selected.

The ground motion suites selected were then used as input for seismic slope displacement and structural analyses.
Comparative results demonstrated that the choice of a scaling limit can influence the distribution of the calculated
EDPs (ie, slope sliding displacement and MIDR); the median EDPs broadly increase as scaling limit increases. There-
fore, ground motions selected with excessive scaling could likely introduce a bias in dynamic analysis of engineering
systems, because of the exaggerated distributions of cumulative‐ and duration‐based IMs of ground motions.

Finally, an additional analysis was conducted to find the “optimal” scaling limit in selecting ground motions from the
NGA‐West2 database. It was shown that a scaling limit of 3 to 5 is desirable to make a compromise between the good-
ness of fit with respect to the target and the computational cost. Thus, when selecting ground motions, the scaling limit
of 3 to 5 is recommended for general use, with allowable adjustments for specific applications. For cases in which exces-
sive scaling has to be applied, the use of the GCIM‐based approach is recommended, in order to guarantee an appropri-
ate representation of the non‐SA IM distributions.
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