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Abstract

The Cascadia Subduction Zone (CSZ) can produce long-duration, large-magnitude earthquakes,
whose ground motions will be modified by the deep sedimentary basins that underlie several cities in
the Pacific Northwest (e.g., Portland, Seattle, and Vancouver, BC). The effects of these basins on the
characteristics of the ground-motions are poorly understood, because no recordings are available for
large-magnitude earthquakes in this region.

To compensate for this paucity of recordings, researchers from the United States Geological Survey
and the University of Washington generated ground motions for numerous scenarios of an M9 event.
The simulations were generated using deterministic, finite-difference (T>1s) and stochastic (T<1s)
approaches and included effects of the deep sedimentary basin underlying Seattle. As a result of this
work, basin effects will be included in future versions of the building code for Seattle. This paper
discusses the implications of basin effects and long duration shaking on the expected performance of
reinforced concrete core-wall structures. Specifically, motions were selected from multiple source
mechanisms to probabilistically assess the collapse risk for 36 archetypes, located in Seattle, and
ranging from 4- to 24-stories.

The durations of the motions were long, but they were not significantly increased by the basin. The
frequency dependent basin amplification increased the spectral accelerations at periods corresponding
to that of tall structures and resulted in damaging spectral shapes. Buildings designed to the minimum
requirements set by the current U.S. code (ASCE 7-16) resulted in a collapse risk that exceeded the
1% risk of collapse in 50-year target. The 1% target could be achieved by (a) increasing the design
lateral forces by 25%, (b) decreasing drift limits from 2.0% to 1.25%, or (c) increasing the
deformation capacity of the gravity system to an interstory drift ratio of 9%.
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1. Introduction

Some of the largest metropolitan regions in the Western United States are underlain by sedimentary
basins, including the Puget Sound region, as well as parts of the Los Angeles, San Francisco Bay
Area, and Salt Lake City regions [6]. Such basins are known to amplify long-period spectral
accelerations ranges (e.g., [1]) resulting in more damaging spectral shapes [2], which increase the
likelihood of collapse during an earthquake (e.g., [3,4,5]). The National Seismic Hazard Model
(NSHM) referenced by building codes did not account for basins until recently. The 2018 version of
the NSHM [6] accounts for the effect of basins on spectral acceleration using basin terms derived
from ground motion models from NGA-West-2 [7]. The adoption of this new hazard model into
current building and bridge seismic provisions would result in large increases in design spectral
accelerations for structures located on deep basins.

Current building seismic provisions (ASCE 7-16 [15]) are derived from the 2014 NSHM [8], which
does not consider the effects of deep basins. In this paper, the collapse risks for ASCE 7-16 code-
compliant building archetypes are investigated for the increased spectral accelerations from the
updated 2018 NSHM. These consequences are calculated for a series of previously designed
reinforced concrete wall archetypes ranging from four to twenty-four stories [5]. The archetypes were
designed for the seismic hazard in Seattle, met the minimum code requirements set by ASCE 7-16,
and are referred to as reference archetypes throughout this paper. Previous work by the authors [5]
showed that, if basin effects were considered, the conditional collapse probability for reference
archetypes averaged 21% for an M9 event on the Cascadia Subduction Zone with a return period of
approximately 526 years [8].

The paper evaluates the effectiveness of implementing four strategies to redesign the reference
archetypes to reduce the seismic collapse risk for the 2018 NSHM demands. The strategies are: (1)
increasing the seismic response coefficient (C;) in ASCE 7-16 by 25% or by 50%, (2) reducing the
design drift limits prescribed in ASCE 7-16 from 2.0% to 1.5% or 1.25%, and (3) increasing the drift
capacity of the gravity system.

2. National Seismic Hazard Model

The 2018 update of the National Seismic Hazard Model [6], denoted here as 2018 NSHM, accounts
for the effects of the basins in Western United States. Figure 1 shows the uniform hazard spectra
(UHS) in the orientation corresponding to median spectral acceleration values for Seattle for a 2%
probability of exceedance in 50 years for Site Class C. This value, often denoted as S, romso, Will be
referred to as S, throughout the paper. As shown in Figure 1, the increases between the 2014 and 2018
NSHM occur over a wide range of periods. The increases are on average approximately 25% for short
periods (< 045 s) , and the average increase is approximately 50% for periods ranging from 0.5 to
1.7 s. This period range corresponds approximately to typical periods of 4- to 24-story reinforced
concrete wall buildings designed as per ASCE 7-16 [5]. The increase is largest at a period of 4 s,
where S, increases from 0.13 g to 0.22 g, corresponding to an increase of 72%. However, at this
period, the design base shear is typically (ASCE 7-16) governed by the minimum base-shear
requirements.
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Figure 1. Uniform hazard spectra for a 2% probability of exceedance in 50 years in the direction
corresponding to median spectral acceleration (RotD50) for Seattle computed using the USGS (2019)

probabilistic seismic hazard analysis code.

Archetype Designs

Modern mid- and high-rise reinforced concrete core-wall archetypal residential buildings, ranging
from 4 to 24 stories where evaluated between the 2014 and 2018 versions of the USGS hazard models
(Figure 1). To reflect current practice in Seattle, all of the archetypes were (1) designed and detailed
as special reinforced concrete shear walls (ACI 318-14), (2) used a seismic force-reduction factor, R,
of 6, (3) developed with extensive input from design professionals (refer to [5]). Buildings with a
height above 73 m (240 ft) are not considered in this paper, because the design of such buildings in
Seattle is subject to extensive peer review, which accounts for the effects of the Seattle basin.

All archetypes had a floor plate that was 30.5 m (100 ft.) long by 30.5 m (100 ft.) wide with three,
9.15-m (30-ft.) bays of slab-column gravity framing in each orthogonal direction. The 4-story
archetypes had two planar walls in each orthogonal direction. Archetypes with 8 stories or more used
a central core-wall archetype that was symmetrical in both directions, in which one direction used
two uncoupled C-shaped walls, whereas the other direction used coupled C-shaped walls. As is
typical for residential buildings, the 4- and 8-story archetypes included two and three basement levels,
respectively, and the taller archetypes had four basement levels. The basements were assumed to have
plan dimensions of 48.8 m x 48.8 m (160 ft x 160 ft). The floor-to-floor heights for all stories
(basement levels included) were 3.05 m (10 ft). Further information related to the design of the
structure can be found in Marafi et al. [5].

For each of these six archetypes, the impacts of adopting three design strategies were studied. As part
of Design Strategy #1, archetypes were redesigned for lateral loads that are 25% or 50% larger than
Samce computed using the 2014 NSHM. As part of Design Strategy #2, archetypes were redesigned
to meet a stricter story drift target of 1.5% or 1.25%, as opposed to the current ASCE 7-16 value of
2.0%. Design Strategy #3 assumed no changes to the reference designs of the seismic force resisting
system, but it assumed that the gravity system could be redesigned to have a larger drift capacity.

Archetype Modelling

The six archtypes and their design strategy variations were anayzed using 2D nonlinear models in
OpenSees [9] to assess the seismic performance. These analyses were performed with the help of the
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computational resources provided by DesignSafe-CI [10]. The nonlinear behavior of the wall was
modeled using a methodology that is summarized in Marafi et al. [5], which uses displacement-based,
beam-column elements with lumped-plasticity fiber sections to capture the axial and flexural
nonlinear responses of the RC walls. The stress-strain behavior of the steel fibers includes cyclic
strength degradation [11] to account for strength deterioration expected with long-duration shaking.

Multiple Stripe Analysis

The performance of each archetype was assessed using a multiple stripe analysis [12], in which the
collapse probability was quantified at multiple intensity measure levels, each corresponding to a
particular return period. The intensity stripes used in the MSA had return periods of 100, 475, 975,
2475, and 4,975 years. The variety in return periods made it possible to account for the the
performance of a structure during low-intensity events that occur more frequently (i.e., lower return
period) and high-intensity events that occur less frequently (i.e., longer return period). The probability
of collapse results from each intensity level and corresponding earthquake return period was then
integrated over the overall S,(7}) hazard curve to estimate the probability of building collapse over a
period of 50 years. It should be noted that collapse was defined using the story drift of a structure
under intense ground shaking. Haselton et al. [13] define collapse as an increase in lateral drift without
bounds due to global P-Delta instability. A building may also collapse (or partially collapse) due to
the failure of components of the gravity system. Based on the work of Zhou and Hueste [14], the
median interstory drift ratio at collapse was asumed to be 5.9%. Both failure mechanisms were
considered in this study.

Collapse Risk for 2014 and 2018 NSHM

Seismic provisions in ASCE 7-16 target a uniform 1% likelihood of collapse during a 50-year period.
To compute the collapse risk, the annual rate of collapse (Aouqpse), considering the full range of
expected shaking intensities from all earthquake sources that contribute to the seismic hazard was
computed. Figure 2 shows the probability of collapse for the 8-story, 16-story, and 24-story
archetypes with respect to earthquake return period, for the 2014 NSHM (Figure 2a) and 2018 NSHM
(Figure 2b). The figure also shows smooth curves that represent a fitted lognormal distribution of the
data points.
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Figure 2. Probability of collapse with respect to earthquake return period for the 8-story, 16-story, and 24-
story ASCE 7-16 archetypes evaluated using the (a) 2014 National Seismic Hazard Model and (b) 2018

National Seismic Hazard Model.

The annual rate of collapse was computed by integrating the collapse fragility derived in Figure 2 for
each archetype. To compute the 1% target in 50-years set in the current provisions, the collapse risk
in 50 years for each archetype was computed assuming a Poisson distribution (i.e., 1-e*</ s where
t was taken as 50 years). Figure 3 shows the 50-year collapse risk for all the reference archetypes
using both the 2014 NSHM (squares) and 2018 NSHM (triangles). For all archetypes, the average
50-year collapse risk computed using the 2014 and 2018 NSHM were on average equal to 0.8% and
2.1%, respectively. This difference in collapse risk between the NSHM versions indicates that the
inclusion of basin effects is critical and results in large increases in collapse risk.
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Figure 3. 50-year collapse risk with respect to archetype number of stories using the 2014 and 2018 National

Seismic Hazard Models.

Design Strategies to Reduce Collapse Risk

Engineers could adopt a variety of design strategies to account for the increase in hazard represented
from the 2014 to 2018 NSHM, and reduce the 50-year collapse risk to less than 1%.
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Design Strategy #1. Increasing Design Lateral Forces

One strategy for reducing collapse risk is to increase the seismic design lateral force of the structure
(i.e., structure’s strength). Figure 4a shows the 50-year collapse risk for the reference archetypes
redesigned using a 25% increase in ASCE 7-16 design loads and a 50% increase in design loads.
Increasing the design loads by 25% resulted in a reduction in the average 50-year collapse risk from
2.1% (reference archetypes) to 0.90%. A 50% increase in design loads further reduced the mean
collapse risk to 0.77%. This result is consistent with the increase in spectral acceleration values
observed in the uniform hazard spectrum (UHS) derived from the 2018 NSHM (Figure 2), which was
on average equal to 50% for the period ranges of the buildings.

Design Strategy #2. Decreasing Allowable Drift

Increasing the stiffness of the walls is another strategy to reduce the likelihood of collapse. This
increase is achievable by designing archetypes to meet a lower drift limit while maintaining similar
design lateral forces to the reference archetypes. Figure 4b shows the collapse risks for reference
archetypes (originally designed to meet a 2% limit) that were redesigned to meet a lower drift limit
of 1.5% or 1.25%. As expected, reducing the drift limit reduced the average 50-year collapse risk
from 2.1% (reference) to 1.27% and 0.90% for the 1.5% and 1.25% drift limit designs, respectively.

Design Strategy #3. Increasing Drift Capacity of Gravity System

To reduce the collapse risk associated with slab-column failures, engineers could increase the
rotational drift capacity of the slab-column connection. Zhou and Hueste [14] summarized various
slab-column experiments and found that the drift capacity can be increased by: (1) increasing the
shear-stress capacity (2) increasing the length of the shear-stud rails, (3) increasing the concentration
of top flexural reinforcement, and/or (4) increasing the nominal concrete compressive strength. Figure
4c recomputes the 50-year collapse risk for a series of assumptions for the slab-column connection
drift capacity. As expected, increasing the drift capacity reduced the collapse risk for all archetypes.
For example, increasing the drift capacity from 5.9% (reference archetype) to 9% (solid line in Figure
c¢) decreased the 50-year collapse risk from and average (for all archetypes) of 2.1% to 1.0%.
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Figure 3. 50-year collapse risk with respect to archetype number of stories using the 2018 National Seismic
Hazard Model for (a) various levels of archetype design lateral forces, (b) various levels of archetype design

drift limits, and (c) various levels of gravity system drift capacity.
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Conclusions

The inclusion of basin effects in the 2018 National Seismic Hazard Model (NSHM) resulted in an
increase in long-period spectral accelerations for sites located on deep basins. For Seattle, this
increase in spectral acceleration was particularly significant, around 50% greater than the 2014
NSHM version for periods between 0.5 s to 1.5 s. The results of a series of multiple stripe analyses
showed that the 50-year collapse risk for archetypes desgined to ASCE 7-16 increased from 0.8% to
2.1% on average when basin effects were considered in the 2018 NSHM. To mitigate collapse risk
due basin effects, it was shown that engineers could: (a) increase the ASCE 7-16 design lateral forces
by 25%, (b) reduce the design drift limit from 2.0% to 1.25%, or (c) increase the gravity system slab-
column connection rotational capacity to 9%.
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