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SUMMARY

The task of selecting and scaling an appropriate set of ground motion records is one of the most important
challenges facing practitioners in conducting dynamic response history analyses for seismic design and risk
assessment. This paper describes an integrated experimental and analytical evaluation of selected ground
motion scaling methods for linear-elastic building frame structures. The experimental study is based on the
shake table testing of small-scale frame models with four different fundamental periods under ground motion
sets that have been scaled using different methods. The test results are then analytically extended to a wider
range of structural properties to assess the effectiveness of the scaling methods in reducing the dispersion
and increasing the accuracy in the seismic displacement demands of linear-elastic structures, also considering
biased selection of ground motion subsets. For scaling methods that are based on a design estimate of the
fundamental period of the structure, effects of possible errors in the estimated period are investigated. The results
show that a significant reduction in the effectiveness of these scaling methods can occur if the fundamental
period is not estimated with reasonable certainty. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

This paper describes an integrated experimental and analytical investigation on the scaling of ground
motion records for use in the dynamic response history analysis (RHA) of linear-elastic structures. In
recent years, as performance-based seismic design considerations have become pre-requisite for
controlling the level of structural and non-structural damage during an earthquake, the use of RHA
has gained utmost importance. This rigorous analysis method requires, as input, a suite of ground
motion records that have been selected and modified (i.e., scaled) appropriately to make them
compatible with the site-specific hazard level(s) considered (e.g., service basis earthquake; design
basis earthquake). Ground motion scaling has a large impact on RHA results, governing the
outcome and amount of uncertainty for seismic design. Ironically, this is also the single task with
the least guidance provided in current building codes and provisions, resulting in the use of mostly
subjective choices in design.

Although the seismic design of most civil engineering structures is based on significant nonlinear
behavior, the dynamic response of linear-elastic systems is relevant for many applications such as
critical structures that are required to remain essentially linear elastic, very tall or very short
structures, and structures under low-intensity ground motions, where significant nonlinearity is not
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expected (e.g., service level response). Considering these applications, this paper presents the
measured response from small-scale shake table experiments of linear-elastic multi-story building
frame structures under ground motion sets that have been scaled using different methods. The test
results are then extended to a wider range of structural properties using a calibrated analytical
model to assess the effectiveness of the scaling methods in reducing the dispersion and increasing
the accuracy in the lateral displacement demands.

The previous research on ground motion scaling [e.g., 1–21] has been based solely on numerical
simulations with no experimental data available for the validation of the results. Furthermore,
for scaling methods that depend on an estimated fundamental period for the structure, no
consideration has been given on the impact of errors in the estimated period. Although previous shake
table experiments of small-scale linear-elastic structures are available in the literature [e.g., 22–25],
none of these studies has investigated ground motion scaling. These factors have contributed to
a lack of consensus regarding the scaling methods that are best suited to achieve reliable, robust
median seismic demand estimates over a range of structural properties. The shake table tests
described in this paper form the first experimental study to evaluate the accuracy (that is, ability to
provide accurate estimates of the median demands as if a much larger set of records were used)
and efficiency (that is, ability to minimize the number of records needed to reliably obtain these
accurate median demand estimates) of ground motion scaling methods, also considering biased
selection of ground motion subsets and including the effects of inaccuracies in the estimated
building period.

2. CURRENT PRACTICE AND CHALLENGES

Procedures for selecting and scaling ground motion records for a site-specific seismic hazard analysis
are broadly described in current building codes. The ground motion selection and scaling procedures
in the International Building Code [26] and California Building Code [27] are based on ASCE 7–05
[28]. According to the ASCE provisions, the average 5%-damped linear-elastic acceleration response
spectrum for a set of scaled records should not be less than the design spectrum over the period range
from 0.2 T1 to 1.5 T1, where T1 is the fundamental vibration period of the structure being designed.
The provisions do not provide any specific ground motion scaling guidelines to achieve this
requirement on the average spectrum. The design value of an engineering demand parameter
(EDP)—member deformations, lateral displacements, floor accelerations, and others—is taken as
the average value of the EDP if seven or more records are used in the analysis, or its maximum
value over all ground motions if the structure is analyzed for less than seven records (ASCE 7–05
requires a minimum of three records). These requirements are the same as those in ASCE 7–10
[29]. The required number of records prescribed by ASCE-7 is based on engineering judgment
instead of a comprehensive evaluation [30].

Scaling methods that result in inaccurate estimates of the median EDPs, with significant dispersion in
the demands from the individual records in an ensemble, can drastically alter the design outcome
depending on the records selected, thus diminishing engineering confidence. To demonstrate the
challenges for current practice, Figure 1 shows the measured peak roof drift demands, Δr [i.e., peak
roof relative (with respect to the base) lateral displacement, Dr divided by the height to the roof] for
one of the test structures described in this paper (Frame LE2) subjected to a suite of 25 ground motion
records satisfying the ASCE 7–10 [29] scaling requirement. The ground motion intensity is plotted on
the x-axis using the spectral acceleration of each ground motion at the fundamental period of the
structure, Sa(T1). It can be seen that the drift demands from the ground motion suite range from a
minimum of slightly less than 0.1% to a maximum of about 1.2%. It is clear that if only the peak
demand from three records were used in design, as allowed by ASCE 7–10, then the design
outcome (i.e., over-design, under-design, or satisfactory) can be drastically altered depending on
the records selected. Although the use of a larger number of records may improve the median EDP
estimates, this approach may not be practical. Further, the use of a large number of records does not
answer the question on how these records should be scaled for a given design scenario [30].

1282 A. P. O'DONNELL ET AL.

Copyright © 2012 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2013; 42:1281–1300
DOI: 10.1002/eqe



3. BACKGROUND

Previous research on ground motion scaling has primarily focused on ‘intensity-based’ methods over
‘spectral matching.’ Spectral matching modifies the frequency content or phasing of the record to match
its response spectrum to a target spectrum, whereas intensity-based methods preserve the non-stationary
content of the ground motion record and only modify its amplitude using one or more intensity
measures (IMs) to determine the scaling factors. The earliest approach to the problem is the scaling of
ground motions to match a target peak ground acceleration, PGA, which has been shown to produce
inaccurate median EDP estimates with large dispersion [2–4, 12]. Other scalar IMs, such as the effective
peak acceleration, Arias intensity, and effective peak velocity, have also been found inaccurate and
inefficient [15]. On the other hand, the maximum incremental velocity (MIV, defined as the maximum
area under the acceleration time-history of a ground motion between two consecutive zero acceleration
crossings), which captures the impulsive characteristics of the record, can be a good indicator of the
seismic demands [15, 31–33].

None of the mentioned IMs consider any property of the structure being designed in determining the
ground motion scaling factors. Including a vibration property of the structure can lead to improved
methods. For example, scaling records to a target linear-elastic spectral acceleration, Sa(T1) at the
fundamental period of the structure, T1, can provide improved EDP estimates for structures whose
response is dominated by their first mode of vibration [13]. However, it has been shown that this
scaling method becomes less accurate and less efficient for taller structures with significant higher
mode response or for structures responding far into the nonlinear range [15, 16]. To consider higher
mode response, a scalar IM that combines the spectral accelerations Sa(T1) and Sa(T2) at the first two
periods, as well as a vector IM based on Sa(T1) and the Sa(T1)/Sa(T2) ratio have been studied [6].
Although this vector IM improves accuracy, it remains inefficient for near-fault records with a
dominant velocity pulse.

4. GROUND MOTION RECORDS AND SCALING METHODS

Because of a lack of specific guidelines, practitioners often select ground motion records on the basis
solely of distance, site conditions, and magnitude of the characteristic event expected to dominate the
seismic hazard. For the selection of the ground motions in this study, a set of criteria and
identification algorithms [34] were adopted to distinguish earthquake records on the basis of their
characteristic attributes associated with source, directivity, site, and/or basin effects (e.g., cyclic versus
impulsive records; records with high, mid, or low frequency content; short or long duration records).
Basin, duration, and pulse attributes of the records were investigated by frequency domain analyses;
whereas, directivity and fling attributes [35, 36] were identified from the orientation of the accelerometers
relative to the fault strike. These attributes were then used to categorize a large library of records [37] to
facilitate the selection of the most suitable ground motions for different site-specific hazard

Figure 1. Peak Δr demands for Frame LE2.
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conditions. On the basis of this refinement and pre-selection process, a suite of 39 near-fault strong
ground motions, recorded within 20 km of the causative fault in shallow-crustal tectonic
environments, were compiled as shown in Table I. It should be noted that although all 39 records
were used in the analytical investigation, the analytical results indicated that 14 of the records would
result in significant nonlinearity of the beam–column connections in the physical laboratory test
structure. Therefore, these 14 records were excluded from the experimental investigation, resulting in
the 25 records indicated by the gray shaded rows of Table I for use in shake table testing.

The following six suites of ground motions were utilized in this research:

• GM[Uns] - Unscaled ground motions from Table I;
• GM[ASCE7] - Ground motions in Table I scaled on the basis of ASCE 7–10 [29];
• GM[MIV] - Ground motions in Table I scaled to the median MIV of the suite;
• GM[Sa(T1)] - Ground motions in Table I scaled to the median linear-elastic single-DOF spectral
acceleration at the fundamental period of the structure, T1;

Table I. Selected near-fault ground motion records.
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• GM[Sa(1.3 T1)] - Ground motions in Table I scaled to the median linear-elastic spectral acceleration
at 1.3T1;

• GM[Sa(0.7 T1)] - Ground motions in Table I scaled to the median linear-elastic spectral acceleration
at 0.7T1.

For demonstration purposes, Figure 2 shows the linear-elastic acceleration response spectra of the ground
motion records in each suite used in the study of Frame LE2. The median (geometric mean) response
spectrum of the unscaled records in Table I was used as the target response spectrum for scaling methods
that require a target spectrum as part of their definition [i.e., ASCE7, Sa(T1), Sa(1.3 T1), and Sa(0.7 T1)
methods]. In addition to the intensity-based scaling of the ground motions, each record was also modified
with a length-scale of SL=1/10 and a time-scale of ST=1/3 on the basis of the similitude requirements of
the small-scale model test structure. The ground motion spectra in Figure 2 are plotted for the measured
viscous damping, x for Frame LE2, with the different damping factors in the different plots representing
the measured displacement-dependent damping properties of the structure as described later. Note that this
is a different approach from previous studies where 5% damping has been typically used to match the
target design spectra from building codes. Because the current study is based on a set of physical
structures, the measured properties of these structures were used as much as possible to determine the true
accuracy and effectiveness of each scaling method (i.e., when no design approximations are made). To
evaluate the potential impact of this decision, a Student’s t-test analysis [38] was conducted to
investigate the effect of the damping ratio on the ground motion scaling factors, showing that varying
the damping ratio between the measured value and the design value of 5% does not have a statistically
significant effect on the scaling factors at the generally accepted 0.05 (5%) significance level.

The vertical dashed lines in Figure 2 depict the measured fundamental period, T1 for Frame LE2. Errors
in period estimation (in other words, design approximations to the actual period) could significantly affect
the results from the Sa(T1) method because of the dependence of the method on a single period. To
investigate the effects of uncertainties in structural period estimation (i.e., inaccuracies in period
estimation that could be expected in typical design practice), suites GM[Sa(1.3T1)] and GM[Sa(0.7T1)]
were used to introduce a 30% error in T1 (i.e., instead of T1, a period of 0.7T1 or 1.3T1 was used to
determine the target Sa value from the median spectrum). This error range was determined on the basis
of the paper by Goel and Chopra [39], which shows a wide range for the measured periods of steel
moment resisting frames from about 0.70TL to about 1.3TU, where TL is the approximate period
equation in ASCE 7–10 and TU represents the upper limit period equation. It should be emphasized
that the actual error in the estimated period of a building can be different than the values used in
this study; and thus, the results obtained from the GM[Sa(1.3 T1)] and GM[Sa(0.7 T1)] suites should

Figure 2. Linear-elastic acceleration response spectra, Sa, used in the study of Frame LE2: (a) GM[Uns];
(b) GM[ASCE7]; (c) GM[MIV]; (d) GM[Sa(T1)]; (e) GM[Sa(1.3 T1)]; (f) GM[Sa(0.7 T1)].
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only be viewed as representative findings. Note however that for short-to-medium period structures (about
T1 = 0.1–0.6 s), even a small error in period estimation may have a similar effect as a larger error does
because of the typically jagged characteristics of linear-elastic ground motion spectra in this period range.

In applying the ASCE-7 scaling method, the ground motions were scaled such that the average 5%-
damped linear-elastic acceleration response spectrum for the suite was not less than the target median
(geometric mean) spectrum of the unscaled records over the period range from 0.2 to 1.5 times the
measured T1. This scaling method utilized 5%-damped spectra (instead of the measured damping values)
because this is a requirement dictated by ASCE-7. The median spectrum of the unscaled records rather
than a code-based design spectrum was used as the target so as not to introduce a bias to the study. A
different scaling factor was determined for each record in the GM[ASCE7] suite to minimize the SRSS
error between the spectrum of the scaled record and the target spectrum within the period range of 0.2T1
to 1.5T1. As stated previously, the ASCE-7 method does not provide any specific guidelines to result in a
unique set of scaling factors for the records; various combinations of scaling factors can be found to
satisfy the requirement that the average spectrum of the scaled records remains above the target spectrum
over the specified period range. An algorithm, given in Appendix A of Kalkan and Chopra [18], was used
in determining the scaling factors for the GM[ASCE7] suites in this paper.

The median (geometric mean) value of the scaling factors for the ground motions in each of the six
suites from Figure 2 was 1.000, 0.996, 1.000, 0.976, 0.995, and 0.965 for GM[Uns], GM[ASCE7],
GM[MIV], GM[Sa(T1)], GM[Sa(1.3 T1)], and GM[Sa(0.7 T1)], respectively. The resulting median
response spectrum of the ground motions in each suite is depicted in Figure 3, where it can be seen
that the median spectra of the different suites are essentially identical to one another (the small
differences between the different median spectra are indistinguishable in Figure 3), only slightly
varying in magnitude by at most 3% (in other words, the different scaling methods affect the details
of the individual records while the median intensity is preserved).

5. TEST STRUCTURES

As shown in Figure 4(a), the frame structure configuration selected for the experimental investigation was
a six-story, single-bay system with center-to-center span length of 762mm and story height of 432mm.
These dimensions correspond to a building length scale of approximately SL = 1/10. The structure
was subjected to the six ground motion suites described previously with a time-scale of ST = 1/3.
The tests were conducted on a medium-sized uniaxial shake table that consists of a hydraulic
actuator/servo-valve assembly and a hydraulic power supply that drives a 1.2� 1.2m2 slip table.
Four different structure periods were investigated by varying the amount of superimposed mass on
the test frame as follows (using 21-kg steel mass plates attached to the midspan of each beam):

• Frame LE1 - one superimposed mass plate at each floor and roof level;
• Frame LE2 - two mass plates at each floor and one plate at the roof;
• Frame LE3 - three mass plates at each floor and one plate at the roof;
• Frame LE4 - four mass plates at each floor and one plate at the roof.

Figure 3. Median linear-elastic acceleration response spectra for the six suites in Figure 2.
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Figure 4(b) depicts Frame LE2 placed on the shake table, together with the measurement and out-of-
plane support frames mounted onto the laboratory floor. The test frame was fabricated from extruded
aluminum 6105-T5 alloy with a yield strength of 241MN/m2. The beam and column member cross
sections were determined to result in stiffness appropriate with the scale model and with adequate
strength to prevent yielding. The extruded aluminum cross section in Figure 5(a), oriented in the weak
direction (with moment of inertia, I=295,524mm4 and area, A=1935mm2) was used for all beam and
column members. To achieve a modular structure, each beam–column connection was constructed using
three high-strength bolts passing through the column and screwing into holes tapped into the beam cross
section at each end. The column bases were constructed with pinned connections. Figure 5(b) depicts a
close-up view of the pinned base connection, which consists of a steel plate bolted to the shake table top,
two steel clevises bolted to the plate, and two steel eye brackets inserted into the clevises and bolted to
an aluminum fixture at the column base. A tight tolerance greased steel pin was used through the eye
bracket-to-clevis connection to reduce friction while eliminating backlash effects.

(a) (b)

Figure 4. Frame LE2: (a) schematic; (b) test setup.

(a) (b) (c)

Figure 5. Test details: (a) extrusion profile for beam and column members (courtesy 80/20W Inc.); (b) pinned
connection at column base; (c) linear variable differential transformer mounted to measurement frame.
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Two accelerometers were used to monitor the in-plane lateral accelerations of the beam midspan at the
roof and fourth floor level of the structure, and one additional accelerometer was placed directly on the
shake table. In addition to the table in-plane lateral displacements, the displacements of the test
structure were measured using seven free unguided linear variable differential transformers (LVDTs)
(six at the floor and roof levels and one at the base) anchored between the structure and a fixed
measurement frame. A mounted LVDT can be seen in Figure 5(c). The clamps used to attach the
LVDTs to the measurement frame were engineered to mitigate vibrations. The data was collected at a
high sampling rate (200 Hz), resulting in close-to-simultaneous excitation and response measurements.

6. BEHAVIOR OF TEST STRUCTURE UNDER STATIC LOADING

To determine the lateral load versus displacement behavior of the test structure under static loading,
monotonic and reversed-cyclic pushover experiments were conducted by holding the fourth floor of
the frame stationary while slowly displacing the base using the shake table. At the fourth floor level,
a steel rod with pin-ended connections [Figure 6(a)] was placed between the test structure and a
relatively stiff steel reaction frame. As the base of the structure was displaced, the resulting fourth
floor force in the pin-ended rod was measured using an intermediary load cell. Two string
potentiometer transducers were used to measure the absolute (i.e., with respect to a fixed reference)
lateral displacements at the base and fourth floor level of the structure (note that the fourth floor
displacements were very small but not zero because of the deformations of the reaction frame).

The fourth floor lateral force versus relative (with respect to the base) displacement behavior of the
frame during two cycles of loading is shown using the thin black lines in Figure 6(b). The structure
exhibited consistent and repeatable behavior in both the positive and negative loading directions, with a
small amount of nonlinearity beginning at approximately 13mm relative displacement. The nonlinear
behavior occurred as the beam ends lost full contact with the columns due to the elongation of the
beam–column connection bolts. The flexibility of the connection bolts also reduced the initial linear-
elastic lateral stiffness of the frame (i.e., the beam–column connections were not perfectly rigid).

7. DYNAMIC CHARACTERISTICS OF TEST FRAMES

The dynamic characteristics of Frames LE1, LE2, LE3, and LE4 were measured by subjecting the structures
to a series of sine-sweep tests. The results from three series of sine-sweep tests on Frame LE2 with base
excitation amplitudes ranging from 0.13 to 0.38mm can be seen in Figure 7(a), where the y-axis shows
the ratio of the relative roof displacement amplitude to the base excitation displacement amplitude, and
the x-axis shows the frequency of the sine wave exciting the structure. Although some dependency on
the displacement amplitude was observed in the results, the fundamental frequencies were found as
f1 = 5.32, 4.35, 3.82, and 3.42Hz for Frames LE1, LE2, LE3, and LE4, respectively (corresponding
to periods of T1 = 0.19, 0.23, 0.26, and 0.29 s, respectively). With the selected time-scale of ST=1/3,

(a) (b)

Figure 6. Static tests: (a) load cell assembly; (b) fourth floor lateral load versus relative displacement behavior.
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the test specimens correspond to full-scale structures with fundamental periods of T1 = 0.56, 0.69, 0.79,
and 0.88 s, respectively. The measured mode shapes for Frame LE2 in the first two modes of vibration
can be seen in Figure 7(b).

The damping ratio for each structure was determined using the logarithmic decrement method [40] on the
decay of the measured relative roof displacement response. The logarithmic decrement method was applied
to a series of peak roof displacement pairs with decreasing amplitudes, each pair 10 cycles apart as shown on
the typical roof displacement time-history for Frame LE2 in Figure 7(c). As can be seen in Figure 7(d), a
correlation was evident between the amplitude of the peak relative roof displacement and the amount of
damping exhibited by the structure. For use in the dynamic response history analyses described later and
in determining the scaling factors for the Sa(T1), Sa(1.3 T1), and Sa(0.7 T1) methods, a displacement-
dependent damping regression line [e.g., solid line in Figure 7(d)] was fit to the data for each structure
(slight differences were observed in the damping regression lines for the four test frames).

8. ANALYTICAL MODELING

For the purposes of the analytical component of the research, models of the test structures were
developed using the OpenSees [41] program. The extruded aluminum cross section in Figure 5(a)
was modeled using fiber cross sections for the beam and column members. The column bases were
modeled as pinned, and the flexibility of the beam–column connections (due to the flexibility of the
connection bolts) was modeled by placing linear-elastic zero-length rotational springs at the beam
ends as shown in Figure 8. The stiffness of the rotational springs was determined by calibrating the
model results [dashed-dotted line in Figure 6(b)] with the linear-elastic range of the measured lateral
load versus displacement behavior of the structure.

Modal analyses of the models showed excellent comparisons with the measured first mode shapes and
frequencies of the test structures. In addition, RHA results were compared with measured response
histories. For example, analytical and measured roof displacement response comparisons for Frame LE2
under two unscaled ground motion records from Table I can be seen in Figure 9. Once the accuracy of
the analytical results was deemed sufficient, the OpenSees model was integrated with a MATLABW

script to subject the structures to the six suites of ground motions and to guide the shake table tests
described in the next section. A slightly different damping ratio was used for each structure analyzed
under each ground motion suite, as determined from the displacement-dependent damping regression line
[e.g., solid line in Figure 7(d)] at the median peak roof displacement of the structure under that suite.

(a)

(c)

(b)

(d)

Figure 7. Dynamic characteristics of Frame LE2: (a) resonance peaks; (b) first and second mode shapes; (c)
decay of roof displacement response; (d) displacement-dependent damping.
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9. EFFECT OF GROUND MOTION SCALING

With the characteristics of Frames LE1, LE2, LE3, and LE4 determined and the expected displacement
demands from the ground motions in each suite estimated by the calibrated analytical models, the test
specimens were subjected to a series of shake table experiments. For each structure, the pre-test
analyses indicated that several ground motions were likely to subject the frame through significant
nonlinear displacements. To avoid damaging the specimen, these ground motions were excluded
from the experimental investigation (but kept for the analytical study), resulting in 25 records that
were common to the testing of the four structures (gray shaded rows in Table I). The peak roof drift
(Δr) demands from the six series of tests for each structure are plotted in Figure 10. It can be seen
that the Δr demands from the GM[Uns] suite (■ markers) are not as strongly correlated to MIV as
compared with the correlation to Sa. Note that the Sa values in Figure 10 are plotted at T1 for the
GM[Uns], GM[ASCE7], and GM[Sa(T1)] suites, and at 0.7 T1 and 1.3 T1 for the GM[Sa(0.7 T1)] and
GM[Sa(1.3 T1)] suites, respectively.

(a) (b)

Figure 9. Measured (top) and analytical (bottom) roof displacement responses of Frame LE2: (a) STG000;
(b) CPM000.

Figure 8. Analytical modeling of beam–column joints.
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The resulting median peak roof drift demand,Δ̂r and the coefficient of variation (COV) of the peak roof
drift demands for Frames LE1, LE2, LE3, and LE4 under each ground motion suite are listed in Table II
(note that in addition to the test frames, Table II includes results from the analytical study described in the
next section). The COV measure, defined as the ratio between the sample standard deviation and the

(a)

(b)

(c)

(d)

Figure 10. Peak roof drift, Δr demands plotted against Sa andMIV: (a) Frame LE1; (b) Frame LE2; (c) Frame
LE3; (d) Frame LE4.
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sample mean, is used to assess the effectiveness of the scaling methods in reducing the dispersion in Δr.
As can be expected for a linear-elastic structure, the Sa(T1) scaling method produced the smallest
dispersion in Δr. However, the dispersion more than doubled when a 30% error was introduced in
period estimation, resulting in values greater than the dispersion from the MIV-scaled suite for most
of the cases studied (gray shaded cells in Table II). Further, with the exception of one case
(T1 = 0.81 s), the MIV method performed as well as or better than the ASCE-7 method with regard
to minimizing dispersion.

These results are important in showing that, for linear-elastic systems, inaccuracies in the estimation of
a structure’s fundamental period can lead to a much larger dispersion in the seismic demand estimates for
the Sa(T1) scaling method when compared with the dispersion achieved with the records scaled on the
basis of the ‘exact’ period. The MIV scaling method, which is not dependent on the properties of the
structure, resulted in a simpler procedure while also producing less uncertainty in the estimated seismic
demands for many of the cases studied. The ASCE-7 method was the least consistent and least
effective in reducing the dispersion in the Δr demands of the four test structures, exhibiting a wide
COV range from 0.47 to 0.79. For Frame LE4, the dispersion resulting from the ASCE-7 method even
surpassed that of the unscaled suite.

10. ANALYTICAL EXTENSION OF RESULTS

This section uses the validated analytical models of the test frames to extend the shake table results
over a wider range of parameters. First, the superimposed floor and roof masses of the analytical
model were varied to result in a series of 10 six-story analytical structures with fundamental periods
exponentially spaced between T1 = 0.15 and 1.00 s. As shown in Table II, four of the selected
periods matched the measured periods of Frames LE1 through LE4 for the validation of the results.
This analytical period range, which corresponds to full-scale structural periods of 0.45–3.00 s, is
representative of a much wider range of buildings, including short and long period structures. To
keep the comparisons in Table II consistent, the structures were analyzed using the same 25 records
that were common to the testing of Frames LE1–LE4 (gray shaded rows in Table I). As depicted in
Figure 11, the dispersion in the resulting Δr demands can be visualized as COV spectra from each
ground motion suite. Consistent with the results in Figure 10, the dispersion from the Sa(T1) scaling
method (* markers in Figure 11) outperformed the other scaling methods throughout the entire range
of periods. The unscaled suite (thick solid line with □ markers) produced the largest dispersion in
Δr for nine of the 10 structures, with the GM[ASCE7] (thick dotted line with ◊ markers), GM[Sa
(1.3 T1)], GM[Sa(0.7 T1)], and GM[MIV] (thick dashed line with Δ markers) suites producing, on
average, less dispersion in order of improved performance. These results confirm the potential
vulnerabilities of structure-dependent ground motion scaling methods for use in linear-elastic RHA

Table II. Summary results for peak roof drift demands.
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over a wider range of structure periods. Note that the results presented in Table II and Figure 11 for
Frames LE1, LE2, LE3, and LE4 are test data, whereas the other results were obtained from
analytical simulations. The COV(Δr) values obtained from the test data under the GM[Sa(T1)] suite
were generally larger than the values obtained from the corresponding analytical simulations. The
cause of this difference is not known; however, it could be due to the sensitivity of the Sa(T1)
scaling method to the exact properties of the structure, which were difficult to model accurately
(e.g., any nonlinear behavior at the pinned base of the specimen). Although these differences
between the experimental and analytical results do exist, they do not detract from the overall
observations presented herein.

As a second analytical study, the six-story OpenSees model was extended to one-story, four-story,
and 14-story structures. The complete suite of 39 ground motion records was used in this study
because, unlike the physical test specimens, the analytical models could be made to behave linear
elastically under all of the records. The superimposed mass was held constant at two mass plates per
floor and one plate on the roof, resulting in fundamental periods of T1 = 0.047, 0.16, 0.23, and 0.52 s
for the one-story, four-story, six-story, and 14-story structures, respectively (corresponding to full-
scale periods of 0.14, 0.47, 0.69 and 1.55 s, respectively). The focus of the study was the ‘accuracy’
of the ground motion scaling methods (that is, ability to provide accurate estimates of the median
peak demands as if a much larger set of records were used). Thus, for each structure and scaling
method, nine subset ground motion bins were selected, each bin containing seven records from the
full set of 39 records. Note that the use of seven ground motions in each bin is consistent with the
ASCE 7–10 requirements.

Bins 1–3 were chosen randomly from the full set, but a bias was introduced into the remaining six
subsets. For these subsets, Bins 4–6 were selected with a weak ground motion bias and Bins 7–9 were
selected with a strong ground motion bias. To introduce this bias, the 39 ground motions were sorted by
ascending peak roof drift demand for each structure and scaling method, and the records were either
selected from below the median roof drift to introduce a weak bias or from above the median drift to
introduce a strong bias.

The accuracy of the scaling methods was evaluated using the inter-story drift ratio, rðd̂Þ, defined as

the ratio between the median inter-story drift demand, d̂s from each subset ground motion bin and the

benchmark demand determined as the median inter-story drift demand, d̂b from the full unscaled suite
of 39 ground motions. The dispersion in the peak inter-story drift demands, COV(d) was also

calculated for each ground motion bin. The variation in rðd̂Þ and COV(d) over the height of the six-
story frame can be seen in Figures 12 and 13, respectively.

Figure 11. COV(Δr) over a range of periods (Note: results for Frames LE1, LE2, LE3, and LE4 are test data).
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In Figure 12, rðd̂Þ ¼ 1 indicates perfect accuracy where the median inter-story drift from the subset

bin, d̂smatches that of the benchmark full suite of unscaled ground motions, d̂b. As an overall measure of

accuracy, the average absolute error in the median inter-story drift j�Eðd̂Þj was calculated for each bin by

dividing the sum of the absolute error, jEðd̂Þj ¼ jrðd̂Þ � 1j for each story by the number of stories.

Figure 13. Dispersion in inter-story drift demands, COV(d) for the six-story frame: (a)–(i) Bins 1–9.

Figure 12. Inter-story drift ratio, rðd̂Þ for the six-story frame: (a)–(i) Bins 1–9.
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Similarly, the average dispersion in the inter-story drift was calculated as
�
COV dð Þ. Finally, to determine

whether a scaling method was more likely to overestimate or underestimate the median demands, the

maximum and minimum errors, Emðd̂Þ ¼ max andmin½rðd̂Þ � 1� in the median inter-story drift demands

over the height of each structure were also calculated. Positive Emðd̂Þ values indicate an
overestimation of the median drift relative to the benchmark demand, possibly leading to an

uneconomical design. Conversely, negative values of Emðd̂Þ represent an unconservative
underestimation of the median demand.

The j�Eðd̂Þj ,�COV dð Þ , and Emðd̂Þ results for the one-story, four-story, six-story, and 14-story
structures are plotted as bar graphs in Figures 14, 15, and 16, respectively (note that the data from a
few of the analysis cases for the one-story frame extend outside the plotted range of the graphs as
annotated in the figures). All three sets of plots should be considered in evaluating the scaling
methods. For example, looking at Figure 15(c) for the six-story frame, the

�
COV dð Þ value under

Bin 7 from the unscaled suite is relatively small (indicating low dispersion in the inter-story drift

demands). However, the j�Eðd̂Þj and Emðd̂Þ values for the same bin are very large [Figures 14(c) and
16(c)], indicating poor accuracy in the results.

Although there is considerable variability in the results between the different bins, Figures 14–16 are
consistent with the previous finding that, on average, the Sa(T1) scaling method is more effective in

minimizing bin dispersion,
�
COV dð Þ, and error, j�Eðd̂Þj and Emðd̂Þ. To further analyze and condense the

results from Figures 14 and 15, Table III shows the average (i.e., mean value of the nine analysis bins
for a given structure and scaling method) and maximum (i.e., maximum value from the nine bins for a

given structure and scaling method) j�Eðd̂Þj and �COV dð Þ. Table III also shows the maximum absolute

Emðd̂Þ from Figure 16 (i.e., maximum value in magnitude over the nine bins) to demonstrate
potentially dramatic deviations of the median bin inter-story drifts from the benchmark full suite
median inter-story drifts. The increased error and dispersion for the Sa(1.3T1) and Sa(0.7T1) methods
reinforce that inaccuracies in period estimation can considerably erode the effectiveness of the Sa(T1)
method. Comparisons between the MIV, ASCE-7, Sa(1.3 T1), and Sa(0.7 T1) results are mixed
and no statistically significant argument applicable to all the cases studied can be made.
However, as depicted by the gray shaded cells in Table III, the MIV method provides better
performance in minimizing the bin dispersion and error for most of the cases studied, except for the

Figure 14. Average absolute error in median inter-story drift demands, j�Eðd̂Þj for Bins 1–9: (a) one-story
frame; (b) four-story frame; (c) six-story frame; (d) 14-story frame.
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one-story frame. Because short period structures are less affected by the impulsive characteristics of a
ground motion, it should be expected that the MIV scaling method is not effective for the one-story
frame. Additional statistical studies, such as the Student’s t-tests [38], were conducted as part of a more
quantitative comparison on the performance differences between the scaling methods, supporting the
over-arching conclusions presented herein (see Appendix for sample t-test results).

Note that although ASCE-7 requires scaling on the basis of a range of structural periods [rather than
only the fundamental period as required for the Sa(T1) method], this period range is still based on an
estimate of the fundamental period thus making the ASCE-7 scaling method susceptible to similar
shortcomings as the Sa(T1) method. In other words, uncertainties and approximations in the modeling

Figure 16. Maximum and minimum errors in median inter-story drift demands, Emðd̂Þ for Bins 1–9:
(a) one-story frame; (b) four-story frame; (c) six-story frame; (d) 14-story frame.

Figure 15. Average dispersion in inter-story drift demands,
�
COV dð Þ for Bins 1–9: (a) one-story frame;

(b) four-story frame; (c) six-story frame; (d) 14-story frame.
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and analysis of the structure (e.g., damping and period) make the design application of the ASCE-7 and Sa
(T1) methods more uncertain than the application of the MIV method. With the exception of structures
with very short fundamental periods (e.g., the one-story frame in this investigation), it may be more
advantageous to use the MIV method, which is structure-independent and can be applied to a ground
motion suite without the need to estimate the properties of the structure. Further, any changes in the
structure properties would not require the scaling of the ground motions to be iterated. The biggest
disadvantage for the implementation of the MIV scaling method in seismic design is the lack of
methods to estimate the mean annual frequency of exceedence of MIV and methods to estimate the
attenuation of MIV [15]. Thus, there is currently no accepted method to determine the probability of
exceedance 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 design practice.

11. SUMMARY AND CONCLUSIONS

This paper describes an integrated experimental and analytical evaluation of selected groundmotion scaling
methods for use in dynamic response history analysis of building frame structures exhibiting no or limited
nonlinearity. The general experimental setup and features of a 1/10-scale six-story linear-elastic test
frame specimen are presented, along with the identification of the static and dynamic properties of
the structure. The scaling methods are evaluated by determining the dispersion in the peak lateral
drift demands of the structures as well as the accuracy in the median demands when a smaller
subset of ground motions is used, including the effects of biased selection of these subsets.
Analytical parameter studies are conducted to extend the applicability of the experimental results
over a wider range of building properties. The results and findings are limited to the structures,
demand parameters, and ground motion records investigated.

As can be expected, the Sa(T1) scaling method is the most effective in minimizing dispersion and
maximizing accuracy in the seismic drift demands for linear-elastic structures. However,
inaccuracies in the estimation of the structure fundamental period, T1 can significantly erode this
effectiveness as demonstrated by the comparatively poor performance of the Sa(1.3 T1) and Sa
(0.7 T1) methods. For structures with limited or no nonlinearity, these results reinforce the
potential uncertainty that can arise from scaling methods that require design estimations for the
fundamental period. Comparisons between the MIV, ASCE-7, Sa(1.3 T1), and Sa(0.7 T1) results are
mixed and no statistically significant argument applicable to all the cases studied can be made.
However, with the exception of structures with very short periods, the MIV method is shown to
provide better performance in minimizing dispersion and maximizing accuracy in the lateral drift
demands for most of the cases studied in this paper. The increased dispersion produced by the
MIV method for the one-story structure demonstrates that this method may not be suitable for
structures with fundamental periods that are significantly different from the impulsive
characteristics of the ground motion records in the suite. Because the MIV scaling method is
structure-independent, it can be applied without the need to estimate the fundamental period of the
structure being designed, and any changes in the building properties would not require the scaling
of the ground motions to be iterated.

Table III. Summary results for j�Eðd̂Þj,�COV dð Þ, and Emðd̂Þ.
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APPENDIX A: REPRESENTATIVE STUDENT’S T-TEST RESULTS

The statistical significance of the performance differences between the different scaling methods can be
evaluated by comparing the means of the corresponding data sets on the basis of the Student’s t-test
[38]. Tailed t-tests were performed on the results from the study in Figure 11 as well as the results from
the study in Figures 14–16 to evaluate the scaling methods with respect to accuracy and efficiency. This
evaluation was conducted using the p-values generated from the t-tests to quantify whether the mean
of the data corresponding to one scaling method was statistically greater than the mean of the data
corresponding to another scaling method.

Indicative results are presented in Tables A1 and A2 showing the p-values from the
�
COV dð Þ data

(average dispersion in the inter-story drift) for the one-story and six-story structures in Figure 15(a) and
(c), respectively. In these tables, a p-value less than the generally accepted threshold of 5% (gray shaded
cells) indicates that the scaling method corresponding to that column statistically performed significantly
better than the scaling method corresponding to that row (i.e., the null hypothesis can be rejected at the 5%
significance level for that method-to-method comparison). It can be seen that theMIV scaling method does
not outperform any of the other methods with statistical significance for the one-story (short period) struc-
ture; however, the effectiveness of the MIV method becomes more significant for the six-story structure,
supporting the over-arching conclusions presented in the paper. The results for the six-story structure also
reinforce that inaccuracies in period estimation [i.e., the Sa(1.3T1) and Sa(0.7T1) methods] can considerably
erode the effectiveness of the Sa(T1) method.

Table A1. T-test p-values for the
�
COV dð Þ data for the one-story structure [Figure 15(a)].

Table A2. T-test p-values for the
�
COV dð Þ data for the six-story structure [Figure 15(c)].
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