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SUMMARY

Non-linear dynamic time-history analyses conducted as part of a performance-based seismic design
approach often require that the ground motion records are scaled to a speci�ed level of seismic intensity.
Recent research has demonstrated that certain ground motion scaling methods can introduce a large
scatter in the estimated seismic demands. The resulting demand estimates may be biased, leading to
designs with signi�cant uncertainty and unknown margins of safety, unless a relatively large ensemble
of ground motion records is used. This paper investigates the e�ectiveness of seven ground motion
scaling methods in reducing the scatter in estimated peak lateral displacement demands. Non-linear
single-degree-of-freedom systems and non-linear multi-degree-of-freedom systems are considered with
di�erent site conditions (site soil pro�le and epicentral distance) and structural characteristics (yield
strength, period, and hysteretic behavior). It is shown that scaling methods that work well for ground
motions representative of sti� soil and far-�eld conditions lose their e�ectiveness for soft soil and near-
�eld conditions for a wide range of structural characteristics. Copyright ? 2003 John Wiley & Sons,
Ltd.
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INTRODUCTION

Performance-based seismic design refers to a noble concept that aims to allow the designer
to specify and predict, with reasonable accuracy, the performance (degree of damage) of
a structure for a speci�ed level of ground motion intensity. This requires that non-linear
dynamic time-history analyses conducted as part of a performance-based design approach use
ground motion records that are scaled to adequately de�ne the damage potential for given site
conditions and structural characteristics.
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The dynamic analysis procedures in current U.S. seismic design provisions [1–3] spec-
ify that a series of non-linear time-history analyses are conducted with pairs of horizontal
ground motion components selected from not less than three events. If three pairs of records
are used, then the maximum value of the response parameter of interest (e.g., peak lat-
eral displacement) is taken for design. If seven or more pairs of records are used, then
the mean value of the response parameter may be used for design. With the small number
of ground motion records speci�ed by current design provisions, the method used to scale
these records to describe the expected seismic intensity at a site is of concern [4]. Merely,
the provisions require that the mean acceleration response spectrum of the ground motion
ensemble used in design is not less than 1.4 times a 5%-damped smooth design response
spectrum, given by the provisions, for periods between 0:2To6T61:5To, where To is the
structure linear-elastic fundamental period. While the intent is straightforward (i.e., to match
or exceed 1.4 times the smooth design spectrum), there are several methods that can be used
to scale the ground motions in an ensemble to produce a mean spectrum that satis�es this
requirement.
Previous research, described in more detail below, has demonstrated that certain scaling

methods can result in excessive scatter in the estimated seismic demands. For example, it
has been shown that scaling ground motion records based on the peak ground acceleration
introduces a large scatter in the analysis results [4–7]. This indicates that the seismic demand
estimates may be biased, leading to designs with signi�cant uncertainty and unknown margins
of safety, unless a relatively large number of records is used [4]. Ground motion scaling
methods that minimize the scatter in the demand estimates need to be developed to minimize
the number of records needed to obtain a reasonable estimate of the mean response. This is
particularly important for structures that undergo large non-linear displacements, since, it has
been shown that the scatter in the demand estimates increases at higher levels of non-linear
behavior [8].
The research described in this paper, given in full detail in Farrow and Kurama [9], ad-

dresses this issue. It is shown that the e�ectiveness of ground motion scaling methods in
minimizing the scatter in peak displacement demands depends on site soil characteristics, epi-
central distance, structural strength, and structural period. Scaling methods that work well for
sti� soil and far-�eld conditions may not provide good results for soft soil and near-�eld con-
ditions for a wide range of structural characteristics. This paper investigates the e�ectiveness
of seven scaling methods for this purpose.

RECENT FINDINGS ON GROUND MOTION SCALING

There are many papers that mention or explicitly address scaling of ground motion records
(e.g., References [4–7; 10–24]). A comprehensive overview of this previous research is not
within the scope of this paper. In a study by Nassar and Krawinkler [12] to determine re-
lationships between the strength ratio, R (de�ned as the linear-elastic force demand under
a ground motion, Felas, divided by the yield strength of the structure, Fy), the peak dis-
placement ductility demand, �, and the structure period of vibration, To, the ground mo-
tions were scaled to a peak ground acceleration (PGA) of 0:4 g. A large scatter in the
results was observed, particularly for large values of R. Miranda [6] performed a simi-
lar study and observed that using acceleration parameters (e.g., PGA) to scale ground
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motions increases the scatter in the non-linear acceleration demand spectra at long
periods.
Shome et al. [10] also found the scatter to be signi�cantly large when using scaling

methods based on peak ground motion characteristics. For example, the dispersion, �, cal-
culated as the standard deviation of the log displacement demand estimates, was as much
as 0.58 for a sample size of 20 ground motions scaled to a constant PGA, implying that
the demand estimates are subject to signi�cant uncertainty. It was concluded that to obtain
an estimate of the median (geometric mean, de�ned as the exponential of the arithmetic
mean of the log demand estimates) response, �̂ within a certain factor, ±X (i.e., �̂±X �̂)
with 95% con�dence, approximately neq = 4�2=X 2 number of ground motion records need
to be used [10]. Thus, the required number of records to obtain a reasonable estimate of
the median response can be signi�cantly reduced by reducing the scatter in the demand
estimates.
Shome and Cornell [4] and Shome et al. [10] found that seismic demand estimates are

strongly correlated with the linear-elastic spectral response acceleration at the structure fun-
damental period, To, also called the spectral intensity, Sa(To). This observation was made for
SDOF and MDOF structures with two periods (To=0:25 and 1:05 s), using ground motion
ensembles with records representative of soil pro�le S2 (sti�, per UBC 1994 [2]) in Cali-
fornia having similar magnitudes (measured as the amount of strain energy released at the
source of the earthquake) and similar epicentral distances from the source of the earthquake.
Shome and Cornell [4] demonstrated that when the ground motion records in an ensemble
are scaled up or down so that their spectral intensities at the linear-elastic structure period
are equal to the median spectral intensity of the ensemble (i.e., Ŝa(To) scaling method), the
scatter in the demand estimates can be signi�cantly reduced while maintaining more or less
the same median demands. Scatter can be further reduced without signi�cantly a�ecting the
median demands, by: (i) scaling the records based on the median spectral intensity of the
ensemble over a range of structural periods [4; 10; 11; 13]; and (ii) scaling at higher levels
of damping [4; 13]. These methods of scaling were found to be better methods to de�ne the
seismic damage potential for given site conditions and structural characteristics by reducing
the scatter in the demand estimates.
The main contributions of the research described in this paper, in relation to the previous

research described above, are to show that: (a) ground motion scaling methods based on
spectral intensity measures can result in signi�cant scatter in the estimated peak displacement
demands, especially for structures designed to undergo large non-linear displacements (i.e.,
with large R ratios) on sites with soft soil pro�les; and (b) scaling of ground motion records
based on the maximum incremental velocity (MIV), described later, provides better results
for a wide range of site conditions and structural characteristics. A large number of SDOF
and MDOF dynamic time-history analyses are conducted to reinforce these �ndings.

DESCRIPTION OF THE ANALYTICAL PROGRAM

This section describes the analytical program as follows: (1) analytical models; (2) earthquake
ground motion ensembles; (3) ground motion scaling methods; (4) dynamic time-history anal-
yses; and (5) statistical evaluation of the demand estimates.
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Figure 1. Lateral force-displacement relationships.
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Analytical models

Single-degree-of-freedom and multi-degree-of-freedommodels are considered as described below.

Single-degree-of-freedom (SDOF) models. SDOF models with idealized bilinear force–
displacement relationships, as shown in Figure 1, are used. The yield strengths, Fy, of the
models are determined by dividing the linear-elastic force demands, Felas, under the ground
motion records used in the dynamic analyses with the strength ratio, R. Note that the de�nition
of R in this paper is di�erent from current seismic design provisions, which use R to specify
the required design strength of a structure. The R ratio in this paper is used to quantify the
yield strength, Fy, with respect to the linear-elastic force demand, Felas. In this context, R is
considered as a structural property and not as a code-speci�ed constant.
Five hysteresis types are considered as illustrated in Figure 2. The importance of each

type is brie�y described as follows: (i) the linear-elastic (LE) type is used to determine
the linear-elastic force demand, Felas, under a ground motion (these analyses correspond to
R=1); (ii) the bilinear elasto-plastic (EP) hysteresis type represents a structure with a high
level of energy dissipation and limited self-centering capability (e.g., a steel structure); (iii) the
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sti�ness-degrading (SD) hysteresis type is the same as the Modi�ed Clough sti�ness degrading
model [25] and represents a structure with a modest level of inelastic energy dissipation and
sti�ness degradation due to cyclic damage (e.g., a cast-in-place reinforced concrete structure);
(iv) the bilinear-elastic (BE) hysteresis type represents an idealized model for structures with
little inelastic energy dissipation and a high level of self-centering capability (e.g., a post-
tensioned precast concrete structure as described by Kurama [26]); and (v) the combined
bilinear-elastic=elasto-plastic (BP) hysteresis type represents a structure with a modest level
of inelastic energy dissipation and high self-centering capability (e.g., a post-tensioned precast
concrete structure with supplemental energy dissipation as described by Kurama [26]).
The BP hysteresis type is constructed by placing the BE and EP hysteresis types in parallel.

The BE type represents the primary system (e.g., precast concrete structure) and the EP
type represents the secondary system (e.g., supplemental energy dissipation system). The
relationships between the lateral sti�nesses and strengths of the BE and EP hysteresis types
that make up a BP type are: kep =�skbe and Fep =�rFbe, where kbe and kep are the linear-elastic
sti�nesses, and Fbe and Fep are the yield strengths of the BE and EP types, respectively, and
�s and �r are the BP type sti�ness and strength ratios, respectively. The energy dissipation
of the BP type can be increased by increasing �r . In this study, �s is set equal to �r¡1.
Such a system has only one yield point (since �s =�r) as illustrated in Figure 3 and further
discussed by Farrow and Kurama [9].

Multi-degree-of-freedom (MDOF) models. Two MDOF models are considered as shown in
Figure 4. These models represent four-story and eight-story cast-in-place reinforced concrete
special moment-resisting frames, designed according to the UBC 1997 [2] equivalent lateral
force procedure for a region with high seismicity (San Francisco bay area) and for the SE
(soft) soil pro�le. The frames were designed as o�ce buildings; however, note that the span
lengths of 5 m and 5:5 m may be shorter than typical span lengths in o�ce buildings.
Both structures have identical �oor plans. For each structure, an interior frame in the E–W

direction (Figure 4(b)) is analyzed assuming that the �oor diaphragms are su�ciently rigid
under in-plane forces. The required design base shear strengths of the frames, Fdes (V in
UBC 1997), de�ned at �rst ‘signi�cant yield’ (see Figure 1), were determined based on the
UBC 1997 linear-elastic smooth design response spectrum with Rdes = 8:5 [2]. The beams and
columns were proportioned using the UBC 1997 load combinations, including gravity loads
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Table I. Frame lateral system properties.

Frame Height Length Total frame Fundamental Frame design
(m) (m) seismic weight, W (kN) period, To (s) base shear, Fdes (kN)

Four-story 13.4 20 3024.8 0.49 332.7
Eight-story 27.5 20 6187.5 0.87 681.0

and earthquake-induced lateral loads [9]. Some of the design properties of the frames are
provided in Table I.
A simple analytical model was developed to conduct non-linear static and non-linear dy-

namic time-history analyses of each frame. The columns were assumed to be �xed at the
bases. The initial �exural sti�nesses of the interior columns were assumed to be 100% of
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Figure 5. Normalized base shear versus roof drift behavior: (a) four-story frame; (b) eight-story frame.

the gross-section linear-elastic �exural sti�nesses. The initial ‘e�ective’ �exural sti�nesses of
the exterior columns and the �oor and roof beams were assumed to be 80% and 30% of
the gross-section linear-elastic �exural sti�nesses, respectively, to account for cracking in the
members. A T-beam �ange width of 1=8 the center-to-center span length of the beam was
included in the modeling of the beams [27]. The beams and columns were modeled using
linear-elastic beam–column elements in the structural analysis program, DRAIN-2DX [28].
Full depth rigid end zones were assumed at the beam–column joints.
Non-linear behavior at the beam ends and in the beam–column joints was modeled as con-

centrated plastic hinges at the beam–column joints using zero-length rotational spring elements
with sti�ness degrading properties [29]. The yield moment capacities of the springs were set
equal to the design beam moment demands, ignoring overstrength. The post-yield moment-
rotation sti�ness of the springs was determined based on a post-yield moment-curvature sti�-
ness equal to 2% of the initial sti�ness in the plastic hinge length (assumed to be equal to
1.5 times the beam depth).
In order to have a relatively simple analytical model, yielding in the columns other than

at the bases was ignored. Note that column yielding at locations other than the base may
be possible; however, this was not considered. Non-linear behavior at the column bases was
modeled using �ber beam–column elements to account for axial–�exural interaction [28]. The
frames were assumed to be adequately designed and detailed to achieve ductile behavior. P–�
e�ects were included in the model.
The normalized (with respect to the seismic weight, W ) base shear versus roof drift behavior

of the frames under combined gravity and cyclic lateral loading is shown in Figure 5. The
roof drift is equal to the roof lateral displacement divided by the structure height. For the
analyses of the frames other than the analyses used in design, the gravity load was assumed
to be 100% of the design dead load plus 25% of the design live load, with no live load
reduction. The lateral load distribution over the height of the frames was taken as the UBC
1997 equivalent lateral force pattern [2].
Additional information on the design and modeling of the frames can be found in Farrow

and Kurama [9]. Note that it may be possible to develop more accurate analytical models
for the frames; however, this was not done to keep the computational time for the dynamic
analyses manageable.
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Ground motion ensembles

Ground motion records for sites with very dense (SC), sti� (SD), and soft (SE) soil pro�les
were collected at the University of Notre Dame (UND) to investigate the e�ect of site soil
characteristics on scaling [9]. The SC, SD, and SE soil pro�les correspond to site classes C,
D, and E in IBC 2000 [1], respectively. Twenty ground motion records are used for each soil
pro�le. In addition, twenty records representative of near-�eld (NF) conditions with a sti�
(SD) soil pro�le, compiled by the SAC steel project [30], are used to investigate the e�ect of
epicentral distance. A total of 40 recorded horizontal motions for seismic hazard in Zone 4
and for return periods of 10% in 50 years (i.e., design level) were compiled by SAC (records
NF01-NF40). The 20 odd numbered records are used in this study.
The linear-elastic SDOF pseudo-acceleration and -velocity response spectra of the ground

motions with a viscous damping ratio of �=5% are shown in Figure 6. The acceleration
time-history records, 80 in all, were obtained from the National Geophysical Data Center
archive, the Multidisciplinary Center for Earthquake Engineering Research database, Kurama
et al. [31], and the SAC steel project [30]. The strong motion duration for each record (Dsm)
was determined by the root mean square acceleration method [32].

Scaling methods

Seven ground motion scaling methods are investigated as follows:
(1) Peak ground acceleration (PGA): each ground motion record is scaled to the arithmetic

mean PGA of the ground motion ensemble.
(2) E�ective peak acceleration (EPA): each ground motion record is scaled to the arith-

metic mean EPA of the ground motion ensemble. According to NEHRP 1994 [33], EPA is
calculated as the mean linear-elastic 5%-damped spectral acceleration for the period range of
0.1 to 0:5 s divided by 2.5. The 2.5 coe�cient relates back to the formulation of the design
response spectra in ATC 3-06 [34].
(3) Arias intensity-based parameter ( �A95): each ground motion record is scaled to the arith-

metic mean A95 of the ground motion ensemble. The A95 is de�ned by Sarma and Yang [35]
as the acceleration that contains 95% of the Arias Intensity, Es =

∫ t
0 a

2(t) dt [14], where a(t)
is the acceleration time-history of the ground motion. For a given acceleration A, the area
bounded by the function a2(t) and the horizontal line corresponding to A2 is de�ned as Ex
[35]. For example, Ex=Es for A=0 and Ex=0 for A=PGA. The acceleration that corre-
sponds to Ex=0:05Es is de�ned as A95. Based on a linear regression study, Sarma and Yang
[35] showed that the A95 parameter can be approximately determined as A95 = 0:764E0:438s ,
independent of the source characteristics, source size, site characteristics, and the process of
correction. This approximate de�nition of A95 is used in this paper.
(4) E�ective peak velocity (EPV ): each ground motion is scaled to the arithmetic mean

EPV of the ensemble. According to NEHRP [33], EPV is equal to the linear-elastic 5%-
damped spectral pseudo-velocity at period, T =1 s. In this research, the EPV values of the
records were calculated as the mean pseudo-velocity for periods between 0.8 and 1:2 s as
recommended by Kurama et al. [31].
(5) Maximum incremental velocity (MIV ): each ground motion is scaled to the arithmetic

mean MIV of the ground motion ensemble. Incremental velocity, IV, is the area under the
acceleration time-history of a ground motion between two consecutive zero acceleration cross-
ings. The maximum IV (i.e., MIV) may be a better indicator of the damage potential of a
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ground motion than PGA since it captures the impulsive characteristics of the ground motion
[31; 36–39].
(6) Spectral response acceleration at the structure fundamental period ( �Sa(To)): each ground

motion is scaled to the arithmetic mean linear-elastic 5%-damped spectral acceleration of
the ground motion ensemble at the linear-elastic fundamental period of the structure being
analyzed, Sa(To). Di�erent from the scaling methods above, the �Sa(To) method depends on the
structural properties (i.e., To) as well as the ground motion characteristics. For example, if the
structural period To=0:18s, each ground motion is scaled such that the spectral acceleration at
0:18s is equal to the mean spectral acceleration, �Sa(To), of the ensemble at 0:18s as illustrated
in Figure 7(a). The Sa(To) parameter is also referred to as the structure-speci�c ground motion
spectral intensity [4].
(7) Spectral acceleration over a range of structure periods ( �Sa(To→T�)): each ground mo-

tion is scaled to the arithmetic mean linear-elastic 5%-damped spectral acceleration of the
ground motion ensemble over a range of structural periods [4; 10; 11; 13]. First, the mean
spectral acceleration, �Sa(To→T�), of the ensemble over the period range To→T� is calcu-
lated. Then, the records are scaled such that the mean spectral acceleration of each ground
motion over the period range To→T� is equal to �Sa(To→T�) (see Figure 7(b)). This scaling
method takes into account the elongation of the structural period due to non-linear behavior.
In this research, the elongated period, T�, was calculated based on the secant sti�ness, k�,
corresponding to the peak displacement demand, �nlin, as (Figure 7(b)):

T�=To

√
�

��+ 1− � (1)

The peak displacement ductility demand, �, can be estimated as a function of R, To, and
� using existing relationships. A relationship by Nassar and Krawinkler [12] was used as
follows:

R(�; To; �)= [c(� − 1) + 1]1=c; where �=�nlin=�y and c(To; �)=
Tao

T ao + 1
+
b
To

(2)

Note that the a and b coe�cients in Equation (2) were developed by Nassar and Krawin-
kler [12] using non-linear regression based on seismic demand estimates for the EP and SD
hysteresis types subjected to far-�eld ground motions recorded at sites representative of the
SC soil pro�le. These coe�cients may not be applicable for other hysteresis types and=or site
conditions [6; 40]. Thus, new a and b coe�cients were developed in this study for the UND
SC, SD, and SE soil ground motions and the SAC near-�eld (NF) ground motions, and for the
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Table II. Coe�cients for R-�-To relationship.

Ground motion EP type SD type BE type BP type
ensemble (�=0:10) (�=0:10) (�=0:10) (�=0:10, �s = �r = 1=3)

a b a b a b a b

UND SC soil 1.46 0.58 – – – – – –
UND SD soil 1.49 0.46 1.60 0.50 2.74 0.76 2.33 0.66
UND SE soil −0:41 0.95 – – – – – –
SAC NF 0.35 0.89 – – – – – –

EP, SD, BE, and BP hysteresis types using non-linear regression analyses similar to Nassar
and Krawinkler [12]. These new coe�cients are given in Table II.

Dynamic time-history analyses

The SDOF and MDOF dynamic time-history analyses are described below.

SDOF analyses. A MATLAB [41] algorithm, CDSPEC (Capacity-Demand SPECtra), was
developed [42] to conduct non-linear dynamic time-history analyses of the SDOF models. An
incremental step-by-step formulation was used assuming that the acceleration varies linearly
between the time discretization points [43]. The error tolerance and initial time step, ts, were
set as 1 per cent error in displacement and ts =To=50, respectively. The time step was reduced
in subsequent analyses until the change of displacement from the previous analysis to the
current analysis was less than 1 per cent of the previous displacement. Analytical veri�cation
of the CDSPEC program is given by Farrow and Kurama [9].
The SDOF analyses were conducted using: (i) four ground motion ensembles described

earlier; (ii) �ve strength ratios, R=1 (linear-elastic), 2, 4, 6, and 8; (iii) �ve hysteresis
types (LE, EP, SD, BE, and BP); (iv) one post-yield sti�ness ratio, �=0:10; (v) one BP
sti�ness and strength ratio, �s =�r = 1=3; (vi) thirty structure periods, exponentially spaced,
ranging from To=0:1 to 3:0s; and (vii) seven ground motion scaling methods. In all, 147 000
SDOF dynamic analyses were conducted from combinations of these parameters. The viscous
damping ratio was assumed to be equal to �=5%.

MDOF analyses. The MDOF non-linear dynamic time-history analyses were conducted using
the DRAIN-2DX program [28]. A total of 80 analyses were conducted to reinforce the �ndings
from the SDOF analyses. The UND soft (SE) soil ground motion ensemble was used to excite
the MDOF structures in Figure 4. The ground motions were �rst scaled using the MIV method
or the �Sa(To→T�) method. Then, the entire ground motion ensemble was scaled for a second
time by a single factor so that the mean linear-elastic acceleration response spectrum of the
ensemble was not less than 1.4 times the 5%-damped UBC 1997 response spectrum used
in the design of the MDOF structures for periods between 0:2To and 1:5To (where To is the
structural fundamental period, see Table I), as required by UBC 1997 [2]. For simplicity,
the scaling factors for the eight-story structure were used for both structures (the scaling
factors for the MIV -scaled and �Sa(To→T�)-scaled records were 3.19 and 4.11, respectively).
An equivalent SDOF representation [44; 45] based on the �rst (fundamental) mode response,
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together with Equations (1) and (2), was used in the determination of T� for the MDOF
structures.
Rayleigh damping of �=5% was assumed in the �rst and second vibrational modes of the

four-story structure and in the �rst and third modes of the eight-story structure. The seismic
mass of each frame was lumped at the beam–column joint nodal degrees of freedom in the
horizontal direction based on tributary areas. Gravity loading of 100% of the design dead load
plus 25% of the unreduced design live load was applied. P–� e�ects were considered.

Statistical evaluation of the demand estimates

The statistical evaluation of the SDOF and MDOF demand estimates is described below.

SDOF demand estimates. The e�ect of ground motion scaling on the scatter in the SDOF
demand estimates is investigated using the dimensional peak displacement demand, �nlin,
and the non-dimensional peak displacement ductility demand, �=�nlin=�y. The results are
presented as dispersion spectra corresponding to di�erent R values by calculating the coe�cient
of variation, COV, de�ned as the ratio between the sample standard deviation, �, and the
sample mean. This measure is used to assess the e�ectiveness of the scaling methods in
reducing the scatter in the demand estimates.

MDOF demand estimates. The evaluation of scatter in the MDOF demands is presented as
response pro�les of: (1) peak lateral displacement demands at �oor and roof levels, �i; and
(2) peak interstory drift demands, �i=(�i −�i−1)=(hi − hi−1), where, hi=height at level i
from the ground. Additionally, the results are presented as dispersions by calculating the COV
of �i and �i for the MIV and �Sa(To→T�) scaling methods.

RESULTS OF STUDY

This section compares the seven ground motion scaling methods described earlier based on
the scatter in the results from the SDOF and MDOF dynamic analyses. The SDOF results
are discussed �rst. Then, the most important �ndings from the SDOF analyses are reinforced
using the MDOF results. The evaluation of scatter is presented as: (i) COV-spectra; and (ii)
�-spectra, de�ned as the ratio of the COV-spectra for two di�erent scaling methods.

E�ect of scaling method on scatter

Figure 8 shows the scatter in the peak displacement demand, �nlin, using the results from
the UND SD soil ground motion ensemble for the EP hysteresis type with �=0:10. The
COV-spectra are presented on the left side of Figure 8. The solid lines in the COV-spectra
represent results from the ground motions scaled to the mean peak ground acceleration (i.e.,
PGA scaling method) while the dashed lines represent results for the other scaling methods.
The �-spectra are on the right side of Figure 8.
For the PGA, EPA, and �A95 scaling methods, the scatter tends to increase as the period

T increases, similar to previous investigations [6; 7]. This is expected since these scaling
methods control the short-period range of the ground motion acceleration response spectra.
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Figure 8. Scatter in �nlin for the UND SD soil ensemble (EP type, �=0:10)—PGA method compared to:
(a) EPA; (b) �A95; (c) EPV ; (d) MIV ; (e) �Sa(To); (f) �Sa(To→T�) methods.

Overall, the di�erences between these three scaling methods are negligible, except for short-
period structures with small R.
As compared to the PGA method, the EPV method is, on average, considerably more

e�ective in reducing the scatter for T¿∼ 0:5 s (Figure 8(c)). The e�ectiveness of the EPV
method in reducing scatter is greatest at around T =1 s since this method scales the ground
motions to the mean spectral pseudo-velocity at around a period of 1 s. The results are
relatively independent of the R ratio.
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The PGA method is compared to scaling the ground motion ensemble to the mean maximum
incremental velocity (i.e., MIV scaling method) in Figure 8(d). The results indicate that for
T¿∼ 0:5 s, the MIV method is more e�ective than the PGA method in reducing the scatter,
independent of the R ratio. The scatter for the MIV method approaches the scatter for the
PGA method as T increases. For T¡∼ 0:5 s, the e�ectiveness of the MIV method decreases
as R decreases.
The PGA method is compared to scaling the ground motion ensemble to the mean spectral

intensity at each linear-elastic structure period (i.e., �Sa(To) method) in Figure 8(e) and to
scaling the ground motion ensemble to the mean spectral intensity over a range of structural
periods (i.e., �Sa(To→T�) method) in Figure 8(f). It can be expected that all three methods
produce similar scatter for extremely short period structures since, at T =0 s, the �Sa(To) and
�Sa(To→T�) methods are equivalent to the PGA method. Also, for R=1 (linear-elastic behav-
ior), the scatter for the �Sa(To) and �Sa(To→T�) methods is zero for the entire period range
since the ground motion records are scaled to a constant linear-elastic spectral acceleration at
each linear-elastic structure period.
Unlike the PGA method, which is relatively independent of R, the COV-spectra for the

�Sa(To) method increase as R increases. With an increase in R, � increases and, in turn,
the e�ective structure period, T�, increases (see Equation (1)). Therefore, the e�ectiveness
of the �Sa(To) method, based on the linear-elastic structure period, To, decreases for larger
R. Since the �Sa(To→T�) method accounts for the period elongation due to the non-linear
behavior expected in the structure, the scatter is markedly reduced and is less dependent on
R, especially for T¿∼ 0:75 s. For T¡∼ 0:75 s, the e�ectiveness of the �Sa(To→T�) method
tends to decrease as R increases and T decreases.
Comparing the results for the �Sa(To→T�) and MIV methods (solid lines, Figure 9(a)), the

MIV method is more e�ective for ∼ 0:20¡T¡∼ 0:33s with R=6 and for ∼ 0:10¡T¡∼ 0:44s
with R=8. Similarly, when compared to the �Sa(To) method (dashed lines), the MIV method
is more e�ective for ∼ 0:10¡T¡∼ 0:49s with R=6 and for ∼ 0:10¡T¡∼ 0:60s with R=8.
Thus, it is evident that scaling ground motion records based on spectral intensity measures
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Figure 10. Scatter in � (UND SD soil ensemble, EP type, �=0:10): (a) �; (b) COV.

(i.e., Sa(To) and Sa(To→T�)) is not necessarily e�ective for all structural period ranges and
strength levels. This �nding is more prominent for the soft (SE) soil ground motion ensemble
(Figure 9(c)), discussed in detail later.
It was previously reported by Nassar and Krawinkler [12] that the scatter in the peak

displacement ductility demand, �, tends to increase with R. Inspecting the standard deviation,
�, for the �-spectra (Figure 10(a)), it is evident that the scatter in � does increase as R
increases. This increase is especially signi�cant for T¡∼ 0:75 s. However, using the standard
deviation alone as a measure of scatter can be misleading. The coe�cient of variation, COV,
which normalizes the sample standard deviation by the mean, is a better measure to evaluate
scatter. As illustrated in Figure 10(b), the scatter in � relative to the sample mean (i.e.,
COV) does not increase with R as much as the sample standard deviation, �, especially for
T¡∼ 0:75 s (Figure 10(a)).
It should be noted that the scatter in the displacement ductility demand, �=�nlin=�y, is

not a�ected by scaling when the structure yield strength, Fy =Felas=R, is recalculated based
on the acceleration response spectrum of each ground motion used in an ensemble [12].
This is because, scaling a ground motion by a constant factor equally a�ects both the linear-
elastic force demand, Felas, and the yield strength, Fy, (for a given R) resulting in the same
�. Thus, the scatter in � shown in Figure 10 is the same for all seven scaling methods
considered.
Note also that for the �Sa(To) scaling method, the scatter in �nlin in Figure 8(e) is the same

as the scatter in � in Figure 10(b). This is because, corresponding to a given strength ratio R
and period T , the yield displacement �y remains the same regardless of the ground motion
used since all ground motions are scaled to the same linear-elastic spectral acceleration. For
the other scaling methods considered, the scatter in �nlin is not the same as the scatter in �
since �y changes with each ground motion.

E�ect of hysteresis type on scatter

The e�ect of the structure hysteresis type on the scatter from the di�erent scaling methods
is examined in this section. The COV-spectra for the scatter in �nlin using the seven scaling
methods are presented as is done in the previous section for the EP hysteresis type. The SD,
BE, and BP hysteresis type trends (with �=0:10, �s =�r = 1=3), provided in Figure 11, are
almost identical to the trends for the EP type in Figure 8. The �-spectra (not shown) for
the scatter in �nlin between the di�erent hysteresis types range from 1 to 1.25. The �-spectra
for the scatter in � between the hysteresis types have similar values as the �-spectra for the
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Figure 11. E�ect of hysteresis type on the scatter in �nlin (UND SD soil ensemble, �=0:10):
(a) SD type; (b) BE type; (c) BP type (�s =�r = 1=3).

scatter in �nlin. Thus, it is concluded that the scatter in �nlin and the scatter in � are not
signi�cantly a�ected by the structure hysteresis type.

E�ect of site soil characteristics on scatter

The e�ect of site soil characteristics on the scatter from the di�erent scaling methods is
examined in this section. Figures 12 and 13 show the COV-spectra for the scatter in �nlin

using the UND SC and SE soil ground motion ensembles, respectively, for the EP hysteresis
type with �=0:10. Comparing Figures 8 and 12, the trends for the SC soil ensemble are
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Figure 12. Scatter in �nlin for the UND SC soil ensemble (EP type, �=0:10)—PGA method compared
to: (a) EPA; (b) �A95; (c) EPV ; (d) MIV ; (e) �Sa(To); (f) �Sa(To→T�) methods.

similar to the trends for the SD soil ensemble. The SC soil ensemble exhibits slightly more
scatter than the SD soil ensemble for almost the entire period range, except for the EPV
and MIV methods. For the EPV method, the scatter from the SC soil ensemble is less than
the scatter from the SD soil ensemble for T¡∼ 0:5 s and is similar to that from the SD soil
ensemble for T¿∼ 0:5s. For the MIV method, the scatter from the SC soil ensemble is similar
to that from the SD soil ensemble for the entire period range.
Comparing Figures 8, 12, and 13, the trends for the SE soil ensemble are signi�cantly

di�erent than the trends for the SC and SD soil ensembles. The SE soil ensemble exhibits
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Figure 13. Scatter in �nlin for the UND SE soil ensemble (EP type, �=0:10)—PGA method compared
to: (a) EPA; (b) �A95; (c) EPV ; (d) MIV ; (e) �Sa(To); (f) �Sa(To→T�) methods.

larger scatter for almost the entire period range, except for the PGA, �A95, and MIV methods.
For T¡∼ 1:1–1:5s, the dependency of scatter on R is signi�cantly larger for the SE soil pro�le
than for the SC and SD soil pro�les. The scatter tends to increase as R increases, except for
the A95, EPV (with T¡∼ 0:7 s), and MIV methods.
Figures 13(e) and (f) show that the e�ectiveness of the �Sa(To) and �Sa(To→T�) meth-

ods signi�cantly decreases as the period decreases within the ranges of ∼ 0:75¡T¡∼ 1:5 s
and ∼ 0:75¡T¡∼ 1:25 s, respectively. Note that, as stated earlier, the a and b regression
coe�cients used in the estimation of the e�ective structure period, T�, for the �Sa(To→T�)
method take into account site soil characteristics [9]. Even so, the scatter in the demand
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estimates for T¡∼ 0:75 s using the �Sa(To→T�) method is larger than the scatter using the
PGA method for R=4, 6, and 8.
Comparing the scatter for the �Sa(To→T�) method and the MIV method, it can be seen that

the MIV method is more e�ective for ∼ 0:10¡T¡∼ 0:46 s with R=6 and 8 for the SC soil
ground motion ensemble (Figure 9(b)) and for ∼ 0:20¡T¡∼ 1:1–1:2 s with R=4, 6, and 8
for the SE soil ensemble (Figure 9(c)). As expected, the MIV method is even more e�ective
when compared to the �Sa(To) method for ∼ 0:10¡T¡∼ 0:64 s with R=6 and 8 for the SC
soil ensemble and for ∼ 0:20¡T¡∼ 1:3–1:5 s with R=4, 6, and 8 for the SE soil ensemble.
The reduction in the scatter when using the MIV method as compared to the �Sa(To) and
�Sa(To→T�) methods is signi�cant for the SE soil pro�le at T ∼= 0:5 s (� ∼= 0:2 for R=6 and
8). Thus, it is evident that scaling ground motions based on spectral intensity measures (i.e.,
Sa(To) and Sa(To→T�)) is not necessarily e�ective for all structural strength levels, period
ranges, and site soil characteristics. This �nding is reinforced using results from the MDOF
analyses later in the paper.

E�ect of epicentral distance on scatter

Figure 14 shows the COV-spectra for the scatter in �nlin using the SAC design level SD soil
NF ground motion ensemble for the EP hysteresis type with �=0:10. Based on Figures 8
and 14, the NF ensemble tends to exhibit less or similar scatter as compared to the far-�eld
ensemble for the PGA, EPA, and �A95 methods. The dependency of the scatter for these scaling
methods on the period is signi�cantly smaller for the near-�eld ensemble. Figure 14(a) shows
that the EPA method results in larger scatter than the PGA method, except for short-period
structures with small R. The di�erences between the �A95 method and the PGA method are
negligible, except for T¡∼ 0:5 s (Figure 14(b)).
The PGA method is compared to the EPV method in Figure 14(c) and to the MIV method

in Figure 14(d). The e�ectiveness of both methods as compared to the PGA method is highly
dependent on T and R. The MIV method is modestly more e�ective in reducing scatter for
larger R ratios in shorter period ranges (T¡∼ 0:75s) and for smaller R ratios in longer period
ranges (T¿∼ 0:8 s).
The PGA method is compared to the �Sa(To) and �Sa(To→T�) methods in Figures 14(e) and

(f), respectively. As compared to the far-�eld records in Figures 8(e) and (f), the e�ectiveness
of both methods with respect to the PGA method is signi�cantly decreased for the entire
period range for R¿2, especially for larger values of R. Except for long periods and small R,
the �Sa(To) method is less e�ective or only slightly more e�ective than the PGA method. As
compared to the �Sa(To) method, the scatter for the �Sa(To→T�) method is reduced, especially
for larger R. The dependency of scatter on R using both methods is noticeable.
Figure 9(d) shows that the MIV method is more e�ective than the �Sa(To) method in re-

ducing scatter for ∼ 0:15¡T¡∼ 1:05 s with R=6 and 8 for the SAC NF ground motion
ensemble. The MIV method does not provide any signi�cant improvement as compared to
the �Sa(To→T�) method.

Results for the MDOF frame structures

As discussed above, the MIV method provides better reduction in scatter than the �Sa(To) and
�Sa(To→T�) methods for a signi�cant range of structural periods, especially for soft (SE) soil
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ground motion ensembles and for large R ratios. This may be because, the MIV method is
able to capture the impulsive characteristics typical of ground motions recorded on soft soil
pro�les. To show that the results obtained from the SDOF analyses are applicable to MDOF
systems, the scatter in the lateral displacements of the four-story and eight-story structures
described earlier is investigated below.
Figure 15 shows the peak �oor=roof lateral displacement demand, �i, and interstory drift

demand, �i, scatter pro�les for the four-story and eight-story structures subjected to the UND
SE soil ground motion ensemble. The peak lateral displacement, �i, values are normalized
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Figure 15. Scatter in MDOF demands for the UND SE soil ensemble—MIV method compared to
�Sa(To→T�) method: (a) four-story frame; (b) eight-story frame.

with the maximum mean �oor=roof displacement demand, ��max, calculated by taking the mean
peak displacement demand at each �oor and roof level and then taking the maximum value
of the mean peak displacement demands over the height of the structure. Similarly, the peak
interstory drift, �i, values are normalized with the maximum mean interstory drift demand,
��max, calculated by taking the mean peak interstory drift demand in each story and then taking
the maximum value of the mean peak interstory drift demands over the height. It is evident
from the narrow ± standard deviation, �, bands that, in each case, the MIV method provides
a signi�cant reduction in scatter as compared to the �Sa(To→T�) method. This observation is
more apparent for the four-story structure (Figure 15(a)). Based on the SDOF results shown
previously, the reduction in scatter as compared to the �Sa(To) method is expected to be more
signi�cant; however, this was not investigated for the MDOF structures.
Figure 16 shows the peak �oor=roof displacement, �i, and interstory drift, �i, COV pro-

�les for the four-story and eight-story structures. The results display similar trends as the
corresponding normalized peak displacement and interstory drift pro�les in Figure 15, and
compare reasonably well with the COV values for the SDOF models at To=0:49 and 0:87 s
(i.e., the fundamental periods of the four-story and eight-story structures), respectively, in
Figures 13(d) and (f). Thus, the results from the MDOF analyses support the results from
the SDOF analyses.
Note that the observations made above for the scatter in the peak �oor=roof lateral dis-

placement, �i, and interstory drift, �i, demands are also applicable for the scatter in the peak
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displacement ductility demand, �. This is because, the structure lateral ‘yield strength’, and
thus, the ‘yield displacement’ remain the same regardless of the ground motion used in each
analysis. Thus, the scatter in � is the same as the scatter in � (or �) for the MDOF structures.
The scatter in the MDOF demand estimates in Figure 15 demonstrate that scaling ground

motion records using methods that do not adequately represent the seismic intensity for the
site conditions and structural characteristics considered can introduce a signi�cant bias in the
estimation of damage, unless a large number of records is used. Note that as the scatter in �,
�, and � increase, the scatter in other demand indices (e.g., cumulative plastic deformation,
residual displacement, number of yield reversals) are also expected to increase. Thus, reducing
the scatter in �, �, and � is important for seismic design approaches that use multiple demand
indices, as described by Farrow and Kurama [9; 46].
The reduced scatter in the seismic demands using the MIV method, together with its sim-

plicity, make the MIV method advantageous over the other scaling methods described herein
for a wide range of site and structure characteristics. The advantages of the MIV method over
the �Sa(To) and �So(To→T�) methods come from: (1) the MIV method is based only on ground
motion parameters and not on structural parameters (e.g., structural period, To), which may
not be known in advance; and (2) ground motions scaled using the MIV method can be used
to analyze structures with di�erent properties (e.g., di�erent To). Thus, it is recommended
that for the period ranges shown in Figure 9, non-linear dynamic analyses of structures that
are designed to undergo large non-linear displacements (i.e., with large R ratios) are con-
ducted using ground motion records scaled based on the MIV method, particularly for soft
soil pro�les.
The biggest disadvantage for the implementation of the MIV scaling method in current

seismic design procedures is the lack of methods to estimate the mean annual frequency of
exceedence of MIV and methods to estimate the attenuation of MIV. Thus, there is currently
no accepted method to determine the probability of exceedence of a certain MIV level at a
given site. Future research is needed in these areas before the MIV scaling method can be
used in practice.
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CONCLUSIONS AND RECOMMENDATIONS

This paper investigates the e�ectiveness of seven ground motion scaling methods in reducing
the scatter in peak lateral displacement demand estimates from non-linear dynamic time-history
analyses. A series of single-degree-of-freedom (SDOF) and multi-degree-of-freedom (MDOF)
structures are considered, including the e�ect of site soil characteristics, epicentral distance,
structure yield strength, structure period, and hysteretic behavior. The main conclusions are
as follows:
1. For the very dense (SC), sti� (SD), and soft (SE) soil ground motion ensembles at long

periods, the MIV method is more e�ective in reducing the scatter in the peak displacement
demand than the PGA method. For shorter periods, the e�ectiveness of the MIV method
decreases as the strength ratio, R decreases.
2. For the SC and SD soil ground motion ensembles, the �Sa(To) method is signi�cantly more

e�ective in reducing the scatter than the PGA method, except for short- and very short-period
structures. The e�ectiveness of the �Sa(To) method decreases as R increases.
3. Since the �Sa(To→T�) method accounts for the non-linear behavior expected in the struc-

ture, the scatter using this scaling method is smaller than the scatter using the �Sa(To) method,
particularly for larger R. However, the di�erences between the two methods are usually not
very large.
4. The scatter in the peak displacement demand, �nlin, and the peak displacement ductility

demand, �, are not signi�cantly a�ected by the hysteretic behavior of the structure.
5. For the SC, SD, and SE soil ground motion ensembles, the MIV method is more e�ective in

reducing the scatter in the peak displacement demand than the �Sa(To) and �Sa(To→T�) methods
for a wide range of periods with larger R ratios (especially with R¿6). The reduction in the
scatter when using the MIV method is particularly signi�cant for the SE soil ensemble. Thus,
it is concluded that scaling ground motion records based on spectral intensity measures (i.e.,
Sa(To) and Sa(To→T�)) is not necessarily e�ective for all site soil characteristics, structure
lateral strengths, and periods.
6. For the SE soil and near-�eld (NF) ground motion ensembles, the e�ectiveness of the

�Sa(To) and �Sa(To→T�) methods with respect to the PGA method is signi�cantly decreased.
Except for long periods, the �Sa(To) and �Sa(To→T�) methods are less e�ective than the PGA
method for the SE soil ensemble. For the NF ground motion ensemble, the e�ectiveness of
the �Sa(To) and �Sa(To→T�) methods in the long period range decreases as R increases.
7. In general, the dependency of the scatter in the peak displacement demand on R is larger

for the NF and SE soil ground motion ensembles than for the SC and SD soil ensembles.
8. For the PGA, EPA, and �A95 scaling methods, the dependency of the scatter in the peak

displacement demand on the period T is signi�cantly decreased for the near-�eld (NF) ground
motion ensemble.
9. The coe�cient of variation, COV, values for the scatter in the peak lateral displacements

of the MDOF four-story and eight-story structures using the MIV and �Sa(To→T�) scaling
methods compare reasonably well with the corresponding COV values from the SDOF models.
Thus, the results from the MDOF analyses support the results from the SDOF analyses.
10. The reduced scatter in the seismic demands using the MIV method, together with its

simplicity, make the MIV method advantageous over the other scaling methods considered in
this paper for a wide range of site and structure characteristics. It is recommended that for the
period ranges given in the paper, non-linear dynamic analyses of structures that are designed to
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undergo large non-linear displacements (i.e., with large R ratios) are conducted using ground
motion records scaled based on the MIV method, particularly for soft soil pro�les.
11. The biggest disadvantage for the implementation of the MIV scaling method in current

seismic design procedures is the lack of methods to estimate the mean annual frequency of
exceedence of MIV and methods to estimate the attenuation of MIV. Thus, there is currently
no accepted method to determine the probability of exceedence of a certain MIV level at a
given site. Future research is needed in these areas before the MIV scaling method can be
used in practice.
12. The scatter in the ductility demand, �, in terms of the sample standard deviation, �,

increases as R increases. The scatter in � in terms of the coe�cient of variation, COV (which
normalizes � by the sample mean), does not increase with R as much as the increase in terms
of �.
13. The scatter in � does not depend on the scaling method when the structure yield strength,

Fy =Felas=R, is recalculated based on the acceleration response spectra of each ground motion
used in an ensemble.
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