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ABSTRACT
As noted in the companion paper “Scaling of Time Histories for Response History Analysis for
Performance-Based Design Of Tall Buildings” the newly released ASCE 7-16 guidelines penalize
the use of spectrally matched time histories for nonlinear response history analysis. This penalty
is enforced by requiring that the average spectral acceleration of the suite of matched time histories
exceed their target by at least 10% in the period range of interest. Similarly, the new guidelines
have re-defined near-fault sites as sites within either 10 or 15km of an active fault. This
classification is entirely independent of the site-source geometry characteristics and the percent
contribution to the hazard from faults that are within near fault distance and as a result many sites
are treated punitively on this basis when in fact the contribution to the hazard may be low, or the
characteristics of the fault do not support the type of ground motions that are being developed. In
this paper, these observations are given perspective through a generic example in downtown Los
Angeles and a framework is presented for evaluating the appropriateness of a suite of spectrally
matched time histories for use in the Performance Based Design of a tall building. This framework
focuses on a careful evaluation of the 2-dimensional time-domain characteristics of a matched pair
of time histories in the period range of interest of the tower and qualifies the targets for uncertainty
and diversity within a suite of matched time histories.
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As noted in the companion paper “Scaling of Time Histories for Response History Analysis for
Performance-Based Design Of Tall Buildings” the newly released ASCE 7-16 guidelines penalize
the use of spectrally matched time histories for nonlinear response history analysis. This penalty is
enforced by requiring that the average spectral acceleration of the suite of matched time histories
exceed their target by at least 10% in the period range of interest. Similarly, the new guidelines
have re-defined near-fault sites as sites within either 10 or 15km of an active fault. This classification
is entirely independent of the site-source geometry characteristics and the percent contribution to
the hazard from faults that are within near fault distance and as a result many sites are treated
punitively on this basis when in fact the contribution to the hazard may be low, or the characteristics
of the fault do not support the type of ground motions that are being developed. In this paper, these
observations are given perspective through a generic example in downtown Los Angeles and a
framework is presented for evaluating the appropriateness of a suite of spectrally matched time
histories for use in the Performance Based Design of a tall building. This framework focuses on a
careful evaluation of the 2-dimensional time-domain characteristics of a matched pair of time
histories in the period range of interest of the tower and qualifies the targets for uncertainty and
diversity within a suite of matched time histories.

Introduction
The performance-based design practice has taken significant steps forward in recent years,
comprising the basis for an ever increasing portion of the critical infrastructure projects and tall
building developments in urbans areas subject to strong ground shaking. As a specific example,
the on-going expansion of the skyline in Downtown Los Angeles over the past several years has
been supported by sophisticated analysis techniques and complex problem solving by the Civil
Engineering community as a whole. Due in large part to more widespread access to fast
computational power and the exposure of design professionals to advanced modeling tools,
nonlinear response history analysis is now the minimum standard framework for evaluating the
design of tall buildings in the City of Los Angeles. Along with this increase in nonlinear response
history analysis has come a need for earthquake time histories to represent the seismic demand for
the design earthquakes. This paper explores some of the key issues associated with the
development of the time histories, in the context of keeping with the evolving building code
requirements and the standard of practice which is continuing to be defined for this relatively new
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process.
The companion paper to this work “Scaling of Time Histories for Response History Analysis for
Performance-Based Design Of Tall Buildings” [1] lays out many of the key concepts associated
with the current standard and guidelines for completing this work, including a broad look into the
misfit between the intended risk-target and the Maximum Considered Earthquake (MCER)
response spectrum that is a result of the nuances instilled in the building code. While the
companion paper largely focuses on aspects regarding the MCER spectrum itself, this paper looks
downstream, at the development of time histories delivered to the Structural Engineers for use in
their numerical modeling of tall buildings. Following a brief discussion of the state-of-practice,
this paper explains an example project and then shifts into the topic of better defining the targets
for the suite of time histories and then evaluating the time histories effectively.
Time History Development for Performance-Based Tall Building Design
Currently, the design for tall buildings in Los Angeles is being carried out in conformance with
the 2016 California Building Code [2] which specifies ground motion values be developed using
the ASCE 7 [3] requirements. Further details for the performance-based design procedure are
specified by the 2017 version of the Los Angeles Tall Buildings Design Council (LATBDC)
Guidelines [4]; namely, in the development to the seismic demand, the general provisions of the
newly released ASCE 7-16 are to be used with some exceptions.
To fulfill the seismic design requirements, site-specific response spectra are developed for two
hazard levels for which the building will be evaluated:
 “Collapse Prevention Earthquake” which is a response spectrum that has risk-targeted,
maximum-rotated ordinates at 5% damping; also known as a site-specific MCER response
spectrum (generally corresponding to a 1% probability of collapse in a 50-year period; i.e.,
a modified 2,475-year return period spectrum)
 “Service-Level Earthquake” which is a uniform hazard spectrum with average horizontal
spectral ordinates at 2.5% damping (corresponding to a 50% probability of exceedance in
a 30-year period; i.e., a 43-year return period)
The Collapse Prevention Evaluation for performance-based design requires earthquake time
histories scaled or spectrally matched to represent the site-specific MCER response spectrum. In
the current state-of-practice, a minimum of 11 pairs of time histories are generated in accordance
with the requirements of Section 16.1.3 of ASCE 7-16 [3]. This minimum number of records has
been increased from 7 to 11 in the latest version of the guidelines and considered Conditional Mean
Spectra (CMS) scenario separately meaning two CMS require 22 time histories.
An additional wrinkle exists in the code for sites within 10 to 15 km of a controlling source, for
these sites the MCER spectrum is developed as with Fault Normal (FN) and Fault Parallel (FP)
ordinates. The site-specific MCER spectrum developed as described above represents the
maximum rotated component of ground motion (i.e., the 100th percentile), which is assumed to be
equivalent to the FN component. The median (50th percentile) MCER spectrum based on perioddependent rotations (RotD50) is treated as the FP component; therefore, the FP component is
obtained by “un-rotating” the maximum components. These MCER spectra are then used for the
matching targets (D100-D50) in the time history modification process.

Going beyond the code requirements, the LATBDC requires consideration of pulse-like ground
motions for near-fault sites. In the opinion of the authors, this is potentially a more rational way of
handling the possible consequences of directivity effects than requiring oriented pairs (D100-D50)
be developed. Accordingly, this aspect of the seed time history selection and medication process
is given particular scrutiny during the peer review process.
Example Time Histories for a Tower in the City of Los Angeles
To illustrate some of the key considerations in developing a suite of time histories for a nonlinear
response history evaluation, some example plots and data have been compiled below representing
a generic 40-story tower in Downtown Los Angeles.
The development of a suite of time histories for a performance-based review project starts with
understanding the seismic hazard, in particular evaluating the results of the Probabilistic Seismic
Hazard Analysis (PSHA). One of the most important tools in this process is the hazard
deaggregation. Figure 1 presents the deaggregation at an average return period of 2,475 years for
3.5-second spectral period; a period of 3.5 seconds was selected as it represents the approximate
fundamental period of the tower. The deaggregation has a minor bimodal component; 2,475-yr
hazard is dominated by high epsilon (i.e., median to 95th percentile ground motions) MW 6 to 7.5
events within 20 km of the site, with some contribution from very high epsilon motions generated
by the characteristic San Andreas event 56 km from the site.

Figure 1.

Typical magnitude and distance disaggregation for a long period spectral ordinate at a
site in Downtown Los Angeles.

Table 1.

A suite of eleven seed time histories for spectral matching and their characteristics for
evaluating suitability.

After reviewing the hazard deaggregation, the selection of seed time histories is carried out to
identify existing recordings from earthquakes that have characteristics similar to the events that
control the hazard in the period range of interest at the MCER hazard level. As observed in the
deaggregation in Figure 1, both local moderate magnitude events and distant large magnitude
events contribute to the hazard at the spectral period of interest. To capture this range of events,
seven (7) local records and four (4) distant records were selected based on a comprehensive
screening process that included consideration of magnitude, distance, site conditions, duration or
strong shaking, pulse-like characteristics and response spectral shape. The key characteristics for
this example project are shown in Table 1 above.
Once the set of seeds has been selected and review by the project peer review team, the next step
involves modifying the suite to be compatible with the MCER spectrum. Over the last 20 years or
longer, the preferred methodology for modifying time histories has been spectral matching. In
1992, researcher Norm Abrahamson [5] developed an efficient algorithm for non-stationary
matching by adding wavelets in the time domain through an iterative process that can be repeated
for numerous records in a timely manner. As such, spectral matching has been used as the basis of
developing time histories for most of the performance-based designed towers in the Los Angeles
basin. The major benefits of matching spectral intensity to a target value include improved
convergence of numerical modeling runs and reasonable median response parameters with only a
few pairs of records considered (i.e. obtaining a stable median without having to run hundreds of
cases). In recent years however, the community has de-emphasized matching, indicating that
scaling provided more reasonable uncertainty in the ground motion characteristics. This is
particularly apparent in the newly published ASCE 7-16 which de-incentivizes matching by
imposing a 10% penalty and incentivized scaling by allowing 10% relief, if needed. Given the
significant layers of conservatism built into the Uniform Hazard Spectrum based target approach
for spectral matching, the LATBDC elected not to adopt this penalty at this time.

Key Considerations in Defining the Sample Space
One of the issues that is of critical importance to the process that often gets lost, is the appropriate
definition of the sample space. The best example of this is in regards to understanding near-fault
effects. The new ACE 7-16 guidelines have re-defined near-fault sites as sites within either 10 or
15km of an active fault; the previous definition was within 5km. This classification is made entirely
independent of the site-source geometry characteristics and the percent contribution to the hazard
from faults that are within near fault distance and as a result many sites are treated punitively on
this basis when in fact the contribution to the hazard may be low, or the characteristics of the fault
do not support the type of ground motions that are being developed. Overall the treatment of nearfault sites, directivity effects, directionality assumptions and “Fault Normal” and “Fault Parallel”
ground motions is not particularly representative of the physical characteristics of the types of
earthquakes that control the hazard in many of the Pacific Coast cities where towers are being
developed. As an example, a site in the central valley of California that happens to be with 10km
of a low-slip rate fault but who’s hazard is governed by the San Andreas Fault 30km away does
not merit penalties for near fault effects and in is not technically defensible to develop oriented
time histories pairs with FN and FP intensity, rather more focus should be paid to sampling large
magnitude earthquakes to capture the San Andreas event.
Similarly, for sites that exist in the Los Angeles basin, that are near their controlling source, it is
nowhere close to a 100% probability that the ground motion observed will have pulse-like
characteristics, or be high polarized in the FN-FP directions. For a site that is within 10km of a
causative fault that is controlling the hazard, a defensible technical approach would be to estimate
how likely a pulse would be expected to be observed, what period range that pulse would likely
fall and have some proportion of the sample of local seeds reflect those likelihoods. Given the
example shown above where the sample is already split to represent 7 local and 4 distant
earthquakes, clearly the distance earthquakes should have balanced, or random distribution of
intensity in all directions (i.e. non-polarized as FN-FP). Then within the local sample of 7 events
if a pulse has a 55% chance or being observed and that pulse would be expected to have a period
between 3 and 5 seconds (pulses are understood to be a function of the earthquake magnitude) then
within the sample of 7 local events, populating four pairs of polarized, pulse-like records and three
pairs that are more balanced or random, is defensible.
This ideology can be easily extended to the Pacific Northwest where different types of earthquakes,
subduction interface (Megathrust), deep intraslab and shallow crustal events each contribute a
portion of the seismic hazard at a given spectral period and hazard level. Constructing a sample
that adequately capture the full range of earthquakes driving the hazard that is of critical
importance should not be handled casually. Furthermore the construction of a sample that
specifically over-samples a given type of earthquake that is pre-determined to be the worst case,
under the auspice of “conservatism”, should be avoided since the impacts on the design of the
structure or the evaluation of the system are not fully know a priori.
Evaluating the Final Suite of Ground Motions
After clearly defining the sample space and developing a suite of matched time histories, the

evaluation of the results has become more difficult in the latest version of the ASCE 7-16
guidelines.

Figure 2. Typical acceleration, velocity and displacement plots for a matched time history
developed for an example site in Downtown Los Angeles.
A typical result of the spectral matching process is shown in Figure 2. It is noted that plotting the
acceleration, velocity, displacement and normalized Arias intensity of both the seed and the
matched record side-by-side with independent axes allows the reviewer to evaluate the time
domain characteristics of the matched record and determine the appropriateness for use in the
analysis. As shown in the plot above, the pulse-like characteristics in the displacement trace were
maintained and the Arias Intensity pre- and post-matching shows a common distribution of the
overall energy of the earthquake record. This process and evaluation is repeated for all eleven pairs
of matched records and then code-based checks are conducted to verify that the minimum
requirements for intensity have been met.
The newest wrinkle in Chapter 16 of the ASCE 7-16 code is the removal of the previous
Square-Root-Sum-of-Squares (SRSS) check. This previous check was to confirm that the
two orthogonal components, independently matched, would have an intensity that
exceeded the target when used together. Summing spectral peaks this way was not always
a perfect measure of the actual peak in two-dimensions but it served as a reasonable
check on the final product. The new code language however, focuses on the actual twodimensional maximum rotated intensity which is more meaningful but also more difficult
to calculate.
An example of the orbital spectral displacement response for an oscillator period of 2seconds is shown on Figure 3. This example is for a suite of time histories matched to an

enriched CMS of 2-seconds.

Figure 3.

Orbital response of spectral displacement from a pair of time histories.

It is noted on the orbital that the space between RotD0 and RotD100 is well covered by
each of the matched pairs and excursions that represent the Maximum Direction
Spectrum exceed the RotD100 target in almost every instance. On average the Maximum
Direction spectral ordinate for the short period spectra exceeds RotD100 target by 109%
and the spectral ordinate for the long period target exceeds the RotD100 target by 107%.
Given the significant additional levels of conservatism built into the process (i.e.
combining RotD100 and RotD50 orthogonal components, enriching CMS to be MCER
level for a broad range of long periods and defining FN as a principal orientation of the
building when it's actually skew to the fault) this magnitude of exceedance is appropriate.
The updated ASCE 7-16, Section 16.2.3.3 penalty for spectral matching states that the
maximum direction spectra for the suite equals or exceeds 110% of the target spectrum.
When oriented pairs are developed, and a methodology is used where the FN component
is matched to the RotD100 and the FP component is matched to RotD50, the results
inherently meet the spirit of ASCE 7-16 in that the overall demand in the principal
directions of the building is well above the level of the MCER calculated. The calculated
maximum direction spectra across all periods is shown on Figure 4. This demonstrates
that the time histories provided satisfy both the spirit and the "spectral matching penalty"
that is a newly added aspect of ASCE 7-16. As a side note the technical reasoning for
applying this penalty for spectral matching is not obviously warranted in this case as 1)
the time histories were lightly matched and 2) the variability in the orbital response is
significant and captures the uncertainty associated with the anticipated seismic loading
that the penalty is ostensibly trying to enforce.

Figure 4.

Comparison of the calculated RotD100 to the target spectra per ACSE 7-16.
Conclusions

The newly released ASCE 7-16 guidelines have added challenges and complexity to the already
complicated task of developing spectrum compatible time histories for nonlinear response history
analyses. In this paper, we illustrate the state-of-practice and provide examples and insights into
developing a framework that both satisfies the technical challenges while meeting the regulatory
requirements. This framework focuses on careful definition of the sample space that is trying to
be captured followed by an evaluation of the 2-dimensional time-domain characteristics of a
matched pair of time histories in the period range of interest for the project. The objective of
developing a suite of time histories should capturing the potential range of observations while not
introducing biases that are based on a priori assumptions about what will control the design.
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