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ABSTRACT
Performance-based engineering (PBE) is a set of earthquake engineering techniques that have been developed as an
alternative to prescriptive procedures for evaluating and upgrading existing buildings and designing new structures.
Multiple design standards (ASCE/SEI 7-16 and ASCE/SEI 41-13) and design guideline documents (e.g., PEER
Guidelines for Performance Based Seismic Design of Tall Buildings) adopt PBE methods that are applied by industry
engineers with increasing frequency.
A recent publication by the technical development group behind Chapter 16 of ASCE 7-16 describes the specifics and
some of the consequences of their changes, including the revision of the minimum number of time history analyses
from seven to eleven. Referring to studies that served as the basis for this change, the publication states: “the findings
showed that when eleven motions are used, mean response parameters (primarily story drift) are predicted within 30%
at a 70% confidence level.” This level of statistical confidence requires further consideration, as it seems at odds with
the statistical reliability and predictive accuracy concepts espoused by PBE. Furthermore, the root studies cited for
the eleven ground motion recommendation contain significant assumptions. In particular, a 2011 publication states
that the assumption to use bilinear single-degree-of-freedom (SDOF) oscillators, “will limit the utility of the results
and observations presented subsequently to low-rise, code-conforming, regularly configured buildings whose
displacement response (and thus damage) is dominated by one mode of response.”
New buildings with critical function and high occupancies, especially tall buildings, are generally designed using PBE
methods. Existing buildings that are evaluated and possibly upgraded using PBE procedures are often irregularly
configured and lack much of the seismic detailing required by modern building codes. This begs the question as to
why the ground motion study quoted above should be used for buildings that are high-rise, non-code-conforming,
irregular, and generally experience multiple dynamic response modes. The scope of this paper is to lay out the basis
for the ground motion selection requirements in some of the most current PBE standards and begin to understand the
impact of applying these procedures to real building types and configurations analyzed using PBE methods. Using
similar methods to those in the original ground motion study quoted above, this paper will explore how factors such
as higher modes of response, strength degradation, and high ductility affect the dispersion of time history analysis
results and, therefore, the confidence level of PBE response parameters.
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Introduction
The ongoing industry adoption of performance-based earthquake engineering (PBEE) methods is
underpinned by a belief that our understanding of earthquake hazards and the response of buildings
to those hazards is sufficient to make nuanced predictions about building behavior when future
earthquakes occur. For example, Federal Emergency Management Agency document (FEMA) P58, “Seismic Performance Assessment of Buildings”, states, “Performance-Based Seismic Design
(PBSD) is a concept that permits the design and construction of buildings with a realistic and
reliable understanding of the risk of life, occupancy, and economic loss that may occur as a result
of future earthquakes” [1]. As the structural engineering industry increasingly adopts PBEE
techniques, it is imperative that the members of the industry understand the specifics of these
developments and the science behind them.
The 2016 edition of ASCE/SEI 7 is substantially different from the preceding 2010 edition,
especially the Chapter 16 provisions related to nonlinear response history analysis, which are
generally used in PBEE applications. Among the changes to that chapter, the authors selected the
number of ground motions required for non-linear time history analyses as a topic for further
exploration. Previously, building codes and design standards have required between three and
seven ground motion time history analyses; ASCE/SEI 7-16 requires eleven time history analyses.
This change can be traced to a single body of research, which, among many other findings,
concludes that under very specific conditions, the use of eleven ground motion records can yield
80 percent statistical confidence that analysis results fall within plus-or-minus 20 percent of the
true median response.
Research Review
The source of the changes in the 2016 edition of Chapter 16 of ASCE 7 regarding the minimum
number of ground motions can be traced through four primary sources, which are summarized
below
2017 Earthquake Spectra Article
Members of the National Earthquake Hazards Reduction Program (NEHRP) Provisions Update
Committee (PUC) issue team that developed the change proposals for Chapter 16 of ASCE/SEI 7,
published a series of articles in Earthquake Spectra describing these changes. The chapter was
largely re-written, and the articles were intended to educate engineers about the reasons for the
changes and their practical effects. The first article in the series describes the ground motion
selection and scaling procedures of the revised Chapter 16 [2]. The article states that, “results for
fewer [than eleven] ground motions demonstrated significantly more variability. We recommend
the use of a minimum of eleven motions based on the FEMA (2012) findings and the judgment of
the team.” The paper also states that the cited FEMA study (FEMA P-58), “showed that when
eleven motions are used, mean response parameters (primarily story drift) are predicted within
30% at a 70% confidence level.”
Seismic Performance Assessment of Buildings (FEMA P-58)

FEMA P-58 is a two-volume document that describes a methodology developed for the seismic
performance assessment of buildings [1]. Both volumes contain similar language regarding the use
of eleven ground motion records, although the citations differ. Volume 1 of FEMA P-58 states,
“when ground motions are selected without consideration of spectral shape, analyses using eleven
pairs of properly scaled motions can provide a reasonable estimate of median response, defined as
75% confidence of being within plus-or-minus 20% of the median (Huang et al., 2011)” [1].
Volume 2 states, “when ground motions are selected without consideration of spectral shape,
analyses using eleven pairs of ground motions, scaled in accordance with the recommendations of
Volume 1, Chapter 4 can provide a reasonable estimate (+/- 20%) of median response with 75%
confidence (Huang et al., 2008)” [3].
In the Earthquake Spectra article, Haselton et al. cited FEMA P-58 regarding the appropriate
minimum number of ground motions for time history analysis; the FEMA P-58 authors in turn
cited two separate papers by Huang et al. Both sources include a statement regarding the level of
statistical confidence of computing an analytical response within a certain range of the median.
Although the two sources use different values for the confidence levels, the intent and the basis
for the statements appear to be the same. The authors had not previously encountered such
statements of probabilistic PBEE analysis confidence.
2008 Nuclear Assessment Report by Huang et al.
One resource cited by the authors of FEMA P-58 is a 2008 report titled, “Performance Assessment
of Conventional and Base-Isolated Nuclear Power Plants for Earthquake and Blast Loadings” [4].
The report includes a chapter investigating the selection and scaling of ground motions for a
seismic performance assessment. This chapter appears to serve as the basis for the statements made
in the Earthquake Spectra article and FEMA P-58 regarding the minimum number of ground
motions required to achieve a certain level of confidence in analysis results.
The report contains results of analyses performed using different methods of ground motion
selection and scaling, including a method called distribution-scaling. The procedure is described
in short as follows:
1. Start with a base population of ground motion time histories. Huang et al. used populations
of 50 acceleration time histories (25 pairs of orthogonal ground motion records) in separate
near-fault (NF) and far-field (FF) categories.
2. Select an elastic period of interest of the structure and determine the median spectral
acceleration and the associated variance across the base ground motion population
assuming that the results are lognormally distributed.
3. Select a number of ground motion time history analyses (‘n’) to which the model will be
subjected. Using the summary statistics for the base ground motion population at the period
of interest, generate ‘n’ spectral acceleration ordinates at equally spaced intervals along the
lognormal probability density function described by those statistics.
4. Randomly select ‘n’ ground motion time histories from the base population and scale each
to one of the ‘n’ spectral acceleration ordinates developed in Step 3.
5. Analyze the model using the ‘n’ scaled ground motions.
The distribution-scaling methodology was evaluated by Huang et al. for its ability to both capture

the expected (median) response and to preserve the variance of the base ground motion population
in the analysis results. They established baseline results by analyzing the entire base population of
ground motions - the mean and variance of the population of computed peak displacement for each
ground motion was the “true” median and “true” variance of the base ground motion population.
The researchers then ran separate time history analyses to evaluate the results of the distributionscaling technique. At each oscillator yield strength level, for each period, for each population of
ground motions (i.e., NF or FF) they generated 10,000 sets of eleven distribution-scaled ground
motions. Each set of eleven ground motions was analyzed, and the median and variance for the
eleven peak displacement results were computed. At the end of the process, they had 10,000 values
for median displacement and displacement variance (assuming lognormal distributions
throughout); they found the median and variance for these samples of 10,000 realizations and
compared them to the “true” responses from the base ground motion populations.
The conclusion regarding distribution-scaling, specifically when performed using “actual
earthquake records,” was that “for the cases with µ [the ductility ratio] smaller than 10, the
confidence levels for Θf,11 [the median response of each set of eleven ground motions] to lie
between ±20% of θa,50 [the “true” median response] are greater than 80% for most oscillators...”
and “for low ductility systems such as Fy = 0.4W [yield strength equal to 40 percent of the weight]
and elastic periods greater than 1 second, the confidence levels for Θf,11 to lie between ±20% of
θa,50 are greater than 95%.”
Appendix C of the report deals with determining the number of ground motions to use when
performing an intensity-based assessment. The contents appear to have been influenced by the
Applied Technology Council 58 (ATC-58) Project Management Committee, who produced the
FEMA P-58 documents reviewed above. Equation C.7 allows for the calculation of the number of
ground motions as a function of the desired confidence level, the “true” logarithmic standard
deviation, and the range of interest relative to the “true” median. For example, the text notes that
ATC-58 members determined that the number of ground motions should be based on achieving 75
percent confidence of being within plus-or-minus 20 percent of the “true” median response.
2011 ASCE Paper by Huang et al.
The other resource cited in FEMA P-58 regarding the number of ground motions is a 2011 paper
in which Huang et al. (a different author team than the 2008 report) summarized the results of the
2008 report and modified the presentation of the results [5]. The fundamental ground motion
selection and scaling procedures and the analysis techniques were the same as those presented in
the 2008 report.
Certain caveats and assumptions made in both Huang et al. research efforts were succinctly stated
in the 2011 paper, including the following.
 “Simple bilinear models were used although the writers recognize that deterioration of
strength and stiffness will affect distributions of displacement and acceleration response.”
 “Yield strengths were set at infinity, 0.40W, 0.20W, 0.10W, and 0.06W to represent, albeit
simplistically, conventional and isolated (0.06W) construction, where W is the reactive
weight of the structure.”





“For the oscillators with yield strengths of 0.10W and larger, the elastic period ranged
between 0.05 s and 2 s; for the oscillator with a yield strength of 0.06W, the post-yield
(isolated) period ranged between 2 and 4 s.”
“Using bilinear SDOF oscillators will limit the utility of the results and observations
presented subsequently to low-rise, code-conforming, regularly configured buildings
whose displacement response (and thus damage) is dominated by one mode of response.”

The four ground motion selection and scaling methods evaluated by Huang et al. were geometricmean scaling, spectrum matching, scaling of ground motions to a selected spectral acceleration at
the first-mode period of a building (the Sa(T1) scaling method), and the distribution-scaling
method; all of these procedures were covered in greater depth in the 2008 report. The conclusions
are briefly reproduced as follows.
 The geometric-mean scaling method was found to preserve some dispersion in the spectral
demand and preserve the irregular spectral shapes.
 The spectrum matching method underestimates the median displacement demand in highly
nonlinear SDOF systems and widely underestimates the dispersion in the displacement
response for both linear and nonlinear systems. Due to these underestimations, this method
should not be used to characterize a distribution of seismic responses resulting from a
distribution of spectral demand.
 The Sa(T1) scaling method produces unbiased estimates of the median displacement
response of nonlinear systems, but the method produces dispersions of the same magnitude
or greater than those of the geometric-mean scaling method. Similarly to the spectrum
matching method, this method cannot capture the dispersion in the response of elastic and
near-elastic systems.
 Unlike the previous methods, the distribution-scaling method considers explicitly the
dispersion of spectral acceleration. For ductility greater than five, this method produces
unbiased estimates of median displacement responses relative to the geometric-mean
scaling method and overestimates the dispersions in the nonlinear displacement responses.
For ductility less than five, “the probability for Θf,11 [the median response of each set of
eleven ground motions] to lie between ±20% of θa,50 [the “true” median response] is 80%
for both [near-fault] and [far-field] ground motions.”
According to Huang et al., when compared to spectrum matching and the Sa(T1) scaling method,
distribution-scaling is the only method that “can simultaneously recover the benchmark median
values without bias and reasonably (or conservatively in some cases) capture the dispersion in both
linear and nonlinear displacement responses.” To better consider the effects of spectral shape on
structural responses, Huang et al. suggests this method can be modified and combined with
conditional mean spectrum (CMS). Using CMS would potentially eliminate bias in nonlinear
responses and reduce the overestimation of dispersion in nonlinear response.
Analysis
To advance the analytical study described in the two Huang et al. resources reviewed above, the
authors developed a modeling regimen based on that research. First, Octave scripts and an

OpenSees model were created to replicate the results of the original study. Second, those tools
were modified to perform similar analyses that included second-order effects, such that the
influence on the required number of ground motions could be better understood.
The study by the authors only implemented distribution-scaling, as that was the method used by
Huang et al. as the benchmark for determining the confidence for analytical responses. The ground
motion selection and scaling process was performed at periods of 0.5, 1.0, 1.5, and 2.0 seconds to
capture the overall trends in the methodology without going to the same analysis-intense lengths
as Huang et al. The OpenSees model was a single-degree-of-freedom (SDOF) oscillator with a
plastic hinge at the base. Models were developed in which yield strengths of infinity (elastic), 40
percent of the weight (0.4W), 20 percent of the weight (0.2W), and 10 percent of the weight (0.1W)
were assigned. The plastic hinge in the baseline model was bilinear, with a post-elastic stiffness
equal to 10 percent of the elastic stiffness. The results of the baseline model are shown in Figures
1 and 2, using the figures from the Huang, et al. 2008 report as background images. The results
show that the median, 16th percentile, and 84th percentile responses for each graph as well as the
“true” responses for the base ground motion populations are the same. These results established
that the authors’ analysis procedure reproduced the results from the original studies.
The analytical model was then modified to include the so-called P-delta effect, a second-order
consideration that the weight of the structure acting through the laterally-displaced shape of the
structure increases the overturning moment at the base and softens the system laterally. Taking the
provisions in Section 12.8.7 of ASCE/SEI 7-16 as the basis for the P-delta properties, a P-delta
coefficient of 0.1 was assigned to the model [6]. This means that a moment equal to 10 percent of
the oscillator’s yield moment was applied at the elastic first-order yield drift. The analysis program
was re-run to obtain similar results to the baseline with the included P-delta effects.
The analyses, including P-delta, produced results with more dispersion than the baseline analyses
with no P-delta. For the NF ground motions, the “true” logarithmic standard deviation for the nonelastic models increased by a factor between about 1.07 and 1.34, with an average factor of 1.19.
For the FF ground motions, the “true” logarithmic standard deviation for the non-elastic models
increased by a factor between about 1.01 and 1.27, with an average factor of 1.15. For reference,
a 1.19 and a 1.15 times increase in the “true” logarithmic standard deviation requires about 1.4
times and 1.3 times more ground motions, respectively, to achieve the same statistical confidence
of being within a certain range of the “true” median response. In other words, 16 NF ground
motions and 15 FF ground motions would be required to achieve the same confidence for analyses
including P-delta being withinplus-or-minus 20 percent of the “true” median response as the
analyses with eleven ground motions without P-delta. The confidence level of being within plusor-minus 20 percent of the “true” median response decreased with the inclusion of P-delta affects.
This confidence was about 8 percent lower on average for the NF results and a maximum of 13
percent lower; for FF results, the average reduction was about 5 percent, and the maximum was
10 percent.

Figure 1.

Results of analyses reproducing the results of the 2008 Huang paper at select periods
for near-fault (Bin 1a) ground motions. From top to bottom, the graphs show the elastic
system, 0.4W, 0.2W, and 0.1W. The blue, orange, gray, and yellow circles show the
authors’ results.

Figure 2.

Results of analyses reproducing the results of the 2008 Huang paper at select periods
for far-field (Bin 2a) ground motions. From top to bottom, the graphs show the elastic
system, 0.4W, 0.2W, and 0.1W. The blue, orange, gray, and yellow circles show the
authors’ results.

Discussion
On its surface, the modification of ASCE/SEI 7-16 to require that eleven ground motions be
analyzed is an improvement to the state of the industry - more ground motions clearly better
captures the dispersion of the results relative to using fewer ground motion analyses. Beyond that,
however, the use of the research by Huang et al. in the design of modern non-nuclear facility
structures is troubling for many reasons. Three of these reasons are briefly explored as follows.
 The thresholds for acceptable statistical confidence, (e.g., results “predicted within 30%
at a 70% confidence level”) are low. Attempting to quantify the uncertainty or confidence
that engineers achieve in their analyses is a worthy effort given the probabilistic basis for
PBEE. The various thresholds cited in the reviewed research, however, seem arbitrary and
more lax than requirements elsewhere in structural engineering and general engineering
practice. Statistics textbooks frequently reference 90 percent confidence as a threshold;
for reference, using the equations in Appendix C of the 2008 Huang et al. report, an
analysis would require 81 ground motions to achieve 90 percent confidence of being
within plus-or-minus 10 percent of the “true” median response.
 These thresholds, and similar information regarding the nature of design provisions, are
not common knowledge among engineers. The authors were unaware of the statistical
confidence levels stated in the reviewed research despite experience with multiple PBEE
projects and involvement in design provision and building code development. Information
like this must be widely disseminated to practicing structural engineers before PBEE can
be considered viable.
 The dependence of the stated statistical confidence and the reliability of the method on the
use of the distribution-scaling methodology. To the authors’ knowledge the distributionscaling ground motion selection and scaling technique is not commonly used in practice.
In fact, the authors are not aware of its application in the wider building design industry
or its adoption outside of the Huang et al. research. That research makes it clear, however,
that other ground motion selection and scaling techniques cannot provide a reliable
estimate of “true” response because they do not explicitly consider the distribution of
spectral acceleration present within the hazard. The ground motion selection methods of
Chapter 16 of ASCE/SEI 7-16 do not include distribution-scaling. The fact that eleven
ground motions was established as the new provision despite the availability of the Huang
et al. research and despite it being known to the authors of the Earthquake Spectra article
is alarming.
The Huang et al. research is generally clear and thorough, and its aim to develop a ground motion
selection and scaling procedure that preserves the inherent dispersion of ground motion
populations is admirable. Some of the assumptions in the papers, while applicable to structures at
nuclear energy facilities, are not applicable to the design of modern buildings, though, which the
authors of the 2011 paper conceded. This is through no fault of the authors of the Huang et al.
resources, as that was not the stated purpose of the research. The limitations stated in the 2011
ASCE article are jarring to a reader that knows that that research was used to justify the provisions
for the design of new buildings.
The results of the authors’ analysis illustrate the importance of advancing the findings of the
research by Huang et al. so that their methods can be applied to buildings that resemble those most

typically designed via PBEE. Simply by introducing P-delta effects to the analysis, the number of
ground motions required increased significantly. Understanding the influence of the behavior and
properties of real buildings upon the results of non-linear time history analyses will allow
engineers to produce work that is more in line with the PBEE philosophy.
Future Research
This study is the first step along a research path identified by the Huang et al. research. The
assumptions made by those teams and the resulting limitations to the applicability of the results
present clear opportunities to investigate the influence of factors not previously researched. These
factors include multiple degree-of-freedom systems, systems with strength loss, systems with
hysteretic degradation, and the inclusion of collapse behavior. The authors will continue to
investigate these factors with the aim to eventually produce an open source tool that will determine
an appropriate number of ground motions required to deliver a certain level of statistical
significance for a certain type of structure and ground motion selection and scaling procedure.
Conclusions
The research behind the change to ASCE/SEI-7 requiring eleven ground motions for nonlinear
time history analyses was reviewed. The change was based on a study done for seismic assessments
of nuclear facilities, which stated that by using a ground motion selection and scaling method
called distribution-scaling to select and scale eleven ground motions, analysis results could be
obtained yielding 80 percent confidence of being within plus-or-minus 20 percent of the “true”
response. The study included several assumptions that limited the applicability of the results
beyond nuclear facility buildings. To better understand the significance of those limitations,
analyses were performed showing that including P-delta effects in the analysis procedure increases
the number of ground motions required to achieve the same confidence in the results.
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