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 13 

Studies of recorded ground motions and simulations have shown that deep sedimentary basins can greatly increase 14 

the intensity of earthquake ground motions within a period range of approximately 1-4 s, but the economic impacts of 15 

basin effects are uncertain. This paper estimates key economic indicators of seismic performance, expressed in terms 16 

of earthquake-induced repair costs, using empirical and simulated seismic hazard characterizations that account for 17 

the effects of basins. The methodology used is general, but the estimates are made for a series of 8- to 24-story 18 

residential reinforced concrete shear wall archetype buildings in Seattle, WA whose design neglects basin effects. All 19 

buildings are designed to comply with code-minimum requirements (i.e. reference archetypes), as well as a series of 20 

design enhancements, which include: (a) increasing design forces, (b) decreasing drift limits, and (c) a combination 21 

of these strategies. As an additional reference point, a performance-based design is also assessed. The performance of 22 

the archetype buildings is evaluated for the seismic hazard level in Seattle according to the 2018 National Seismic 23 

Hazard Model (2018 NSHM), which explicitly considers basin effects. Inclusion of basin effects results in an average 24 
threefold increase in annualized losses for all archetypes. Incorporating physics-based ground motion simulations to 25 

represent the large-magnitude Cascadia subduction interface earthquake contribution to the hazard results in a further 26 

increase of 22% relative to the 2018 NSHM. The most effective of the design strategies considered combines a 25% 27 

increase in strength with a reduction in drift limits to 1.5%. 28 

 29 
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INTRODUCTION 35 
 36 

The Pacific Northwest has the potential to experience large-magnitude earthquakes generated by the Cascadia 37 

Subduction Zone (CSZ), which is located approximately 100 km from the city of Seattle, WA. Furthermore, the city 38 

lies above a deep sedimentary basin, which can amplify the intensity of earthquake ground motions (Choi et al., 2005; 39 

Marafi et al., 2017; Morikawa and Fujiwara, 2013). Current seismic design provisions in the US, i.e. ASCE 7-16 40 

(ASCE, 2016), were developed according to the 2014 National Seismic Hazard Model (NSHM) (Petersen et al., 2014), 41 
which neglects basin effects. While future earthquake design provisions are likely to account for basin amplification, 42 

the economic consequences of accounting for these effects are uncertain.  43 

 44 

Reinforced Concrete (RC) shear walls are commonly used in the western United States as the seismic force-resisting 45 

system in mid- to high-rise residential buildings (Eberhard and Meigs, 1995; Marafi et al., 2019a). Recent earthquakes, 46 

including the 2010 Maule earthquake (Chile) and the 2011 Christchurch earthquake (New Zealand), have 47 

demonstrated that modern RC shear wall buildings generally behave well in terms of life safety (Ji et al., 2017, 2018). 48 

However, due to significant damage levels (Goretti et al., 2018), post-earthquake repair of these buildings is costly 49 

and time consuming, leading to a long-lasting loss of occupancy and a slow recovery of the community. 50 

 51 

In this paper, we study the anticipated seismic performance, expressed in terms of earthquake-induced repair costs, of 52 

seven design variations of a range of 8- to 24-story residential RC shear wall buildings in Seattle. A reference 53 

archetype, designed to comply with minimum ASCE 7-16 (ASCE, 2016) code-prescriptive requirements, is evaluated. 54 

Additionally, a series of code-prescriptive design enhancements, five in total, are also studied. The enhancements 55 
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included: (a) increasing design forces, (b) decreasing drift limits, and (c) a combination of these strategies. Lastly, a 56 

performance-based design approach that is typically used for buildings in Seattle that exceed 73.2 m (240 ft) (City of 57 

Seattle Department of Planning and Developments, 2015) is also evaluated. The archetype buildings were designed 58 

by Marafi et al. (2020a) to quantify the impact of basin amplification on collapse risk and to devise simple design 59 

strategies to satisfy the 1% in 50-year collapse risk target of modern building codes when basin effects are considered. 60 

The nonlinear response history analyses of the archetype buildings have been published in other papers (Marafi et al. 61 

2020a, 2020b). The novelty in this paper lies in the assessment of the earthquake impacts, expressed in terms of 62 

economic losses, which can be used to inform planners and policymakers of underlying risks, and the engineering 63 
design community of the tradeoffs of adopting different design strategies.  64 

 65 

The performance of the archetype buildings was evaluated for the seismic hazard level in Seattle according to the 66 

2014 NSHM, which neglects the effects of basins, as well as the 2018 NSHM, which explicitly considers basin effects 67 

(Petersen et al., 2020). The archetype buildings were also subjected to 30 simulated scenarios of a magnitude-9 (M9) 68 

CSZ interface earthquake, generated by Frankel et al. (2018). These simulated ground motions were used to devise a 69 

hybrid seismic hazard model, which is based on the 2018 NSHM, but utilizes physics-based simulations to represent 70 

the large interface earthquake portion of the hazard and empirical relationships for all other earthquake sources (crustal 71 

and intraslab). 72 

 73 

Numerous studies have quantified the earthquake-induced economic losses of modern and existing frame buildings. 74 

For instance, Hwang and Lignos (2017) evaluated the seismic performance of modern steel moment-resisting frames, 75 

whereas Molina Hutt et al. (2016, 2019) evaluated the performance of pre-Northridge steel moment frames. The 76 

performance of modern code-conforming (Ramirez et al., 2012) and non-ductile (Baradaran Shoraka et al., 2013) RC 77 

moment frames has also been widely studied. In contrast, there are few analytical studies on the earthquake-induced 78 

repair costs of RC shear wall buildings. In addition to addressing this knowledge gap, this study quantifies the impact 79 

of basin amplification and variations in strength, stiffness, and building height on the earthquake-induced repair costs 80 
of RC shear wall buildings in Seattle. 81 

 82 

CONSIDERING DEEP SEDIMENTARY BASINS IN STRUCTURAL DESIGN 83 
 84 

Past studies have shown that recorded motions have spectral accelerations that are larger at long periods for locations 85 

in deep sedimentary basins than for locations outside the basins with similar site-to-source distance (Bozorgnia et al., 86 

2014; Choi et al., 2005; Marafi et al., 2017; Morikawa and Fujiwara, 2013). The effects of deep sedimentary basins 87 

on ground-motion characteristics have also been observed in physics-based simulations of earthquake ground motions 88 

(Aagaard et al., 2010; Frankel et al., 2018; Graves et al., 2011; Moschetti et al., 2017; Wirth et al., 2018). In the United 89 

States, currently enforced seismic design provisions for buildings, i.e. ASCE 7-16, utilize spectral accelerations for 90 

use in design based on the 2014 NSHM, which does not consider basin amplification. In the western United States, 91 

deep basins underlie large metropolitan areas, including Seattle, as well as parts of Los Angeles, Salt Lake City, and 92 

the San Francisco Bay area. As a result, the most recent version of the national seismic hazard model, the 2018 NSHM, 93 

accounts for basin amplification on spectral accelerations in these areas, and its adoption in future design standards 94 

would result in a considerable increase in seismic design spectral accelerations.  95 

 96 

The 2018 NSHM accounts for basin effects on spectral acceleration for all earthquake sources using basin terms 97 
adapted from the crustal earthquake ground-motion models in the NGA West2 project (Bozorgnia et al., 2014). The 98 

proxy for basin depth is the depth from the surface to a layer with a shear-wave velocity of at least 1.0 km/s or 2.5 99 

km/s, denoted as Z1.0 and Z2.5, respectively. Compared to the other basins in the western United States, Seattle has the 100 

largest maximum value of Z2.5, which is equal to 6.9 km (Stephenson et al., 2017). As a result, the spectral accelerations 101 

from the 2014 to the 2018 NSHM Uniform Hazard Spectrum (UHS) for a hazard level with a 2% probability of 102 

exceedance in 50-year is approximately 50% larger for periods in the range of 1-4 s. Increases in spectral acceleration 103 

due to basin amplification are larger at longer periods. For instance, the increase in spectral acceleration at a period of 104 

0.2 s is only 15%, whereas for a 2.0 s period, the increase is 66% (Marafi et al., 2020a). Increases in spectral 105 

acceleration from the 2014 NSHM to the 2018 NSHM are negligible for out-of-basin sites within Western Washington 106 

State. 107 

 108 

While the basin amplification terms used in the 2018 NSHM were developed by considering crustal earthquakes, 109 

interface earthquakes represent large contributions to the seismic hazard in Seattle, particularly at periods greater than 110 

1 s. Comparing response spectra developed per the 2018 NSHM and M9 simulations revealed that the 2018 NSHM 111 
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underestimates the basin effect on spectral acceleration at periods longer than 1 second in the Seattle area relative to 112 

that observed in the simulations (Frankel et al., 2018; Marafi et al., 2019b). In addition, M9 simulated ground motions 113 

can be more damaging because of their longer duration and more damaging spectral shape compared to the ground 114 

motions selected to represent the 2018 National Seismic Hazard Model particularly in the period range of 0.5-3.0 s 115 

(Marafi et al., 2020b).  116 

 117 

Recent studies have evaluated the impact of basin amplification on collapse risk. Marafi et al. (2020a) found that the 118 

collapse risk of modern RC shear wall buildings in Seattle would increase from 0.5% to 1.8% in 50-years when basin 119 
effects are considered; whereas the target maximum is 1% in ASCE 7-16. Similarly, Molina Hutt et al. (2020) found 120 

that basin effects would increase the 50-year collapse risk of 1970s steel moment frames from 6.9% to 10.5%. The 121 

impact of basin amplification on earthquake-induced repair costs has not yet been quantified. 122 

 123 

ARCHETYPE RC SHEAR WALL BUILDINGS 124 
 125 

Marafi et al. (2020a) studied the seismic performance of 8-, 12-, 16-, 20-, and 24-story modern residential RC shear 126 

wall building archetypes in Seattle (47.6oN, -122.3oW). Seven design variations were considered for all archetypes as 127 

summarized in Table 1. All buildings were designed and detailed by Marafi et al. (2020a) as special RC shear walls, 128 

per ACI 318-14 (2014) requirements, with a seismic force-reduction factor (R) of 6, following a modal response 129 

spectrum analysis (MRSA) procedure. The reference (REF) archetypes were designed to barely meet the minimum 130 

code-prescriptive requirements of ASCE 7-16, with a 2% maximum allowable seismic drift, and a 1.0 flexural 131 

demand-to-capacity ratio at the ground floor. To evaluate the impacts of adopting various design strategies, the REF 132 

archetypes were re-designed with an increase in design lateral loads of 25% and 50% (denoted as S25% and S50%, 133 

respectively). Additionally, the REF archetypes were re-designed with a reduction in drift limits from 2% to 1.5% and 134 

1.25% (denoted as DL1.5% and DL1.25%, respectively). Lastly, the REF archetypes were re-designed by combining 135 

a 25% increase in design lateral loads and a reduction in drift limits to 1.5% (S25%+DL1.5%). In this study, archetypes 136 
that were designed with lower drift limits (i.e., DL1.5% and DL1.25%) had similar seismic design strengths to the 137 

base archetype because the code design strength (Cs) was computed using the upper limit on the design period, CuTa 138 

(per ASCE 7-16). All archetypes were in the period range of the design spectrum where spectral accelerations are 139 

inversely proportional to the fundamental period of the structure. As a result, increases in stiffness also resulted in an 140 

increase in seismic demand as quantified by the Conditional Mean Spectrum (CMS). For example, for the 16-story 141 

archetypes, the 2475-year return spectral acceleration increased by 31% and 53% relative to the REF archetype for 142 

the DL1.5% and the DL1.25% design strategies, respectively.  143 

 144 

In addition to the code-prescriptive designs, one additional design strategy followed a performance-based approach 145 

(PBD), which included nonlinear analysis to check the strain, force, and drift limits of the Tall Building Initiative 146 

(TBI) guidelines (PEER, 2017) as outlined in Seattle’s Director's Rule 5 (City of Seattle Department of Planning and 147 

Developments, 2015). The reinforcing and size of the PBD walls were modified until the stress, strain and force PBD 148 

limits were met. These PBD buildings were initially designed using the ASCE 7-16 design spectra, but the strength 149 

was then modified to meet the PBD checks because the seismic hazard (i.e., nonlinear analysis using CMS motions) 150 

included basin effects, which are not considered in ASCE 7-16 code-minimum archetypes. 151 

 152 

Table 1. Design strategies of the residential RC shear wall archetype buildings. 153 

Design Strategy Description 

REF Reference archetype designed per ASCE 7-16 (2% drift limit) 

S25% REF archetype redesigned with 25% increase in design lateral loads 

S50% REF archetype redesigned with 50% increase in design lateral loads 
DL1.5% REF archetype redesigned to meet 1.5% drift limit 

DL1.25% REF archetype redesigned to meet 1.25% drift limit 

S25%+DL1.5% REF archetype redesigned with 25% increase in design lateral loads and 1.5% drift limit 

PBD Performance-Based Design 

 154 

In the analyses, the concrete compressive strength for the RC shear walls was assumed to be 55.2 MPa (8 ksi) and 155 

steel reinforcing had a nominal yield strength of 414 MPa (60 ksi). For all archetypes, the floor dimensions were 48.8 156 

m long by 48.8 m wide (160 ft x 160 ft) in basement levels, and 30.5 m long by 30.5 m wide (100 ft x 100 ft) above 157 

grade (See Figure 1a), which is a typical size for mid-rise to tall buildings in Seattle All archetypes had four basement 158 
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levels except the 8-story archetypes, which only had three levels below grade. The height of all the stories was 3.05 159 

m (10 ft). For all archetypes, the lateral force-resisting system consisted of a symmetrical central core made up of two 160 

C-shaped walls, coupled in one direction and uncoupled in the other. Steel reinforcing bars were distributed evenly to 161 

confine the entire core, which is typical in practice in Seattle (SEAW Earthquake Engineering Committee, personal 162 

communication, 2018). In addition, all archetypes had three, 9.15-m (30-ft) bays of slab-column gravity framing in 163 

each orthogonal direction around the building perimeter. 164 

 165 

It is expected that increasing strength and stiffness of the archetype would improve performance; however, such design 166 
changes would consequently impact architectural layout and material quantities. Figure 1 depicts the average (across 167 

all stories) RC shear wall gross area and longitudinal steel reinforcement areas normalized by the total floor area. 168 

These metrics highlight how the design variations, in nearly all of 8- to 24-story archetypes, utilize a larger volume of 169 

concrete than the REF archetype. For all building heights, the S50% design strategy results in the largest increase in 170 

RC shear wall as compared to other strategies and even more notable increases occur with building height. For 171 

instance, the increase in RC shear wall area for the 8-story S50% relative to REF archetype is 39%, whereas for the 172 

24-story, it is 98%. The amount of longitudinal steel in all archetypes fluctuates across designs. However, for all 173 

building heights, the S50% archetype utilizes the highest percentage of longitudinal steel. For example, the 16-story 174 

S50% design uses 47% more steel than the 16-story REF archetype. In contrast, stiffer archetypes (e.g., DL1.25%) 175 

resulted in lower steel tonnages because these archetypes had steel bars placed further apart (i.e., larger moment arms) 176 

which reduced the overall steel area to achieve a similar design strength from the REF archetype. Additional details 177 

of the RC shear wall building designs can be found in Marafi et al. (2020a). 178 

 179 

 180 
Figure 1. (a) Typical floor plan view, (b) average RC shear wall area as percentage of floor area, and (c) 181 

average longitudinal steel reinforcement area as percentage of floor area for different design strategies of 8- 182 

to 24-story buildings. 183 

 184 

SEISMIC PERFORMANCE ASSESSMENT METHODOLOGY 185 
 186 

Seismic Hazard and Ground Motions 187 
 188 

The seismic performance of each archetype building was evaluated using a multiple stripe analysis (MSA) procedure 189 

(Jalayer and Cornell, 2009) consistent with that outlined in Marafi et al. (2020a). In MSA, structural assessments are 190 

performed at a series of ground motion intensities spanning from high to low probability of exceedance. The lower- 191 

and upper-bound intensity measure levels considered cover a range from negligible damage to complete loss. 192 
Nonlinear dynamic analyses were conducted with ground motion suites representative of each intensity level. The 193 

analysis results were then linked back to probabilistic seismic hazard data, which enables calculating a range of risk 194 

metrics, such as annualized losses.  195 

 196 

The intensity measure used in the MSA was the spectral acceleration at the fundamental period (T1) of each archetype 197 

building. The MSA utilized median spectral acceleration over all orientations (SARotD50) to permit integration with 198 

probabilistic seismic hazard data. The intensity stripes used in the MSA had return periods of 100, 475, 975, 2475, 199 

and 4975-years. A Conditional Mean Spectrum (CMS) was used to represent the expected ground motion response 200 

spectrum conditioned on the occurrence of the target spectral acceleration at the fundamental period of each archetype. 201 
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The CMS was calculated as a weighted average of the CMS for each ground-motion model and particular seismic 202 

source (e.g., Seattle fault) according to its percentage contribution to the hazard, as obtained from seismic hazard 203 

deaggregation results. For each return period, the CMS was computed using the 2014 and 2018 NSHMs (USGS, 2019) 204 

for a downtown Seattle location. At each return period, 100 ground motion records consisting of crustal, interface, 205 

and intraslab earthquakes were selected such that the ratio of each different earthquake type was proportional to its 206 

contribution to the total hazard. Ground motions were selected and scaled to match the target mean and variance in 207 

Conditional Spectra (CS) (Jayaram et al., 2011). Figure 2 shows the target CMS for the crustal, intraslab and interface 208 

earthquakes per the 2018 and 2014 NSHMs at the fundamental period of 16-story REF (T~ 3.5 s).  209 
 210 

 211 
Figure 2. CMS at 3.5 s period per the 2018 NSHM for (a) crustal, (b) intraslab, (c) interface earthquakes and 212 

per the 2014 NSHM for (d) crustal, (e) intraslab, (f) interface earthquakes at different hazard levels 213 
 214 

The archetype buildings were also subjected to 30 broadband seismograms for M9 CSZ earthquakes where each 215 

seismogram (both horizontal components) were oriented in the direction corresponding to the median spectral 216 

acceleration at the building’s period (SARotD50). These earthquakes had a return period of approximately 500 years and 217 
were derived by combining synthetic seismograms from 3D finite-difference simulations (≥1 s) with finite-source 218 

stochastic synthetics (<1 s), produced by Frankel et al. (2018). The M9 simulations considered various rupture 219 

scenarios, hypocenter locations, and slip distributions and were found to match the BC Hydro ground-motion model 220 

(GMM) (Abrahamson et al., 2016) well for locations outside of the deep basins. The modelling methodology was also 221 

found to sufficiently replicate recordings from the 2010 M8.8 Maule (Chile) earthquake (Frankel, 2017) and the 2011 222 

M9 Tohoku (Japan) earthquake (Frankel, 2013). The resulting synthetics highlight the considerable amplification of 223 

spectral accelerations, ranging from factors of 2 to 5, for periods of 1 to 10 s, for sites within the Seattle basin. Marafi 224 

et al. (2020a) showed that inside the basin the spectral accelerations of the simulated M9 CSZ ground motions at 225 

periods of 1.5 to 4 s were greater than the spectral accelerations of the ASCE 7-16 risk-targeted maximum considered 226 

earthquake (MCER), which has a return period of around 2000 years in Seattle.  227 

 228 

Table 2. 2014 NSHM and 2018 NSHM SAs for intensity levels with a 975- and 2475-year return period, and 229 

mean simulated M9 ground motion SAs inside the Seattle basin.  230 

Archetype 
2014 NSHM 2018 NSHM 

M9 
975-yr 2475-yr 975-yr 2475-yr 

8-Story REF (T1 = 1.93 s) 0.23 g 0.37 g 0.32 g 0.52 g 0.34 g 

12-Story REF (T1 = 2.70 s) 0.15 g 0.25 g 0.22 g 0.36 g 0.39 g 

16-Story REF (T1 = 3.53 s) 0.11 g 0.19 g 0.16 g 0.27 g 0.48 g 

20-Story REF (T1 = 4.36 s) 0.09 g 0.15 g 0.12 g 0.21 g 0.43 g 

24-Story REF (T1 = 5.11 s) 0.07 g 0.12 g 0.10 g 0.17 g 0.44 g 
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Table 2 summarizes the CMS spectral acceleration, at the fundamental period of each REF archetype, using the 2014 231 

and 2018 NSHMs for intensity levels with return periods of 975 and 2475 years. Additionally, Table 2 includes the 232 

mean spectral acceleration, at the fundamental period of each REF archetype, of the simulated M9 ground motions 233 

inside the Seattle basin.  Furthermore, for taller buildings with higher fundamental periods (16-stories and above), the 234 

spectral accelerations of the M9 simulations exceed spectral accelerations of the 2475-year return period intensity 235 

level per the 2018 NSHM.  236 

 237 

Nonlinear Simulation of Structural Response 238 
 239 

The structural response of all archetypes was evaluated using 2D nonlinear models in OpenSees (McKenna, 2016). 240 

The axial and flexural nonlinear response of RC shear walls were captured by using displacement-based, beam-column 241 

elements with fiber sections (Marafi et al., 2020a). The nonlinear behavior of the wall was modeled using a 242 

methodology that was developed by Marafi et al. (2019a). This methodology used displacement-based, beam-column 243 

elements with lumped-plasticity fiber sections to capture the axial and flexural nonlinear responses of the core walls. 244 

The reinforcing steel response is modelled using the Steel02Fatigue material model, which uses the Menegotto and 245 

Pinto (1973) stress–strain relationship and is modified for cyclic strength degradation per Kunnath et al. (2009) 246 

recommendations. The concrete response is modelled using the Concrete02IS material model, which uses Popovics 247 

(1973) pre-peak stress-strain relationship pre-peak relationship and Yassin (1994) post-peak response. For shear, this 248 

methodology used an elastic shear model and does not account for shear-flexure interaction. Rebar buckling was 249 

accounted for by assuming that the rebar buckles and loses its entire strength once the concrete reaches its crushing 250 

strain. Marafi et al. (2019a, 2020b) provide more details of the modeling strategy. The earthquake time-history 251 

analyses were performed in the uncoupled direction of the RC shear wall buildings only, and therefore, effects of 252 

torsion and bidirectional loading on structural response were not considered. Each archetype was subjected to 100 253 

earthquake ground motion records at each intensity level for each archetype following the 2014 and 2018 NSHMs, as 254 

well as the thirty M9 CSZ ground motion simulations.  255 
 256 

The earthquake-induced economic loss of a structure is typically attributed to: (1) damage to the structure, which is 257 

correlated to story drift; and (2) damage of non-structural elements, which varies across different elements and it can 258 

be correlated to floor acceleration, story drift, and other measures. The results from the structural analyses are 259 

summarized in Figure 3. The figure shows the median peak story drifts and median peak floor accelerations of the 16-260 

story REF archetype for each intensity level considered in the assessment. The figure also compares the median 261 

demands from the suite of thirty M9 simulations, where the story drifts are similar to the 2,475-year intensity level 262 

per the 2014 NSHM, and similar to the 975-year intensity level per the 2018 NSHM. As expected, the median peak 263 

story drifts increased with increasing return period, and they were larger for the 2018 NSHM than the 2014 NHSM. 264 

 265 
Figure 3. Median of the maximum: (a) story drift ratios and (b) floor accelerations of the 16-story REF 266 

archetype, where solid lines correspond to the 2018 NSHM and dashed lines correspond to the 2014 NSHM. 267 
 268 

The various design strategies resulted in a significant impact on the story drift profiles. Figure 4a shows the median 269 

story drifts for a 975-year intensity using the 2014 and 2018 NSHMs for all design strategies for the 16-story 270 

archetype. The story drifts on average reduced for all design strategies compared to the REF archetype. In contrast, 271 

the design strategies did not have a significant impact on the floor accelerations. Figure 4b shows that the peak floor 272 

acceleration profile ranged from 0.50 to 0.75 g across design variations. This range in floor acceleration was either 273 

 
 (a)                                                                                    (b) 
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higher or lower than the REF archetype indicating that the various design strategies did not necessarily reduce floor 274 

accelerations. Peak ground accelerations are not identical for all design strategies because each design variation has 275 

its own ground motion suite, which is conditioned on the fundamental period of the structure (unique to each design). 276 

Similar observations were found for other building heights (8-, 12-story, etc.) and intensity levels (100-year, 475-year, 277 

etc.). 278 

 279 

 280 
Figure 4. Median of the maximum: (a) story drift ratios and (b) floor accelerations of the 16-story archetypes 281 

under the 975-year intensity level, where solid lines correspond to the 2018 NSHM and dashed lines 282 

correspond to the 2014 NSHM. 283 
 284 

To enable the comparison of engineering demands among archetypes with a variety of heights, Figure 5 shows the 285 
engineering demands with respect to the story number normalized by the total number of stories in the archetype. The 286 

median peak story drifts and floor accelerations of REF archetypes of all heights under the 975-year intensity level 287 

are found to be similar among archetypes when subjected to ground-motions that represent the 2014 and 2018 NSHMs. 288 

In Figure 5b, the peaks in floor acceleration observed at 0.5 to 0.7 of the building height of some archetypes, e.g. 20-289 

story NSHM 2018, are attributed to the formation of a second hinge at mid-height, because the reinforcement at the 290 

base was not continuous all the way to the top of the walls. 291 

 292 

 293 
Figure 5. Median of the maximum: (a) story drift ratios and (b) floor accelerations of the REF archetypes 294 

from 8 to 24 stories under the 975-year intensity level, where solid lines correspond to the 2018 NSHM and 295 

dashed lines correspond to the 2014 NSHM. 296 
 297 

In limited instances, at high earthquake shaking intensities, dynamic instability occurred when the lateral displacement 298 

of the structure increased without bounds. Additionally, non-simulated collapse modes were also considered in the 299 

assessment. Past experimental studies showed that probability of slab-column punching shear failure with respect to 300 

slab-column rotation depends on gravity shear ratio (Hueste et al., 2009, 2007). Available experimental data for slab-301 

columns with shear-reinforcement and a gravity shear ratio between 0.4 to 0.6, permitted describing the slab-column 302 

 

  

   
 (a)                                                                                  (b) 

 

 

 
 (a)                                                                                  (b) 
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rotation capacity by means of a lognormal cumulative distribution with a mean slab-column rotation of 5.9% and a 303 

dispersion of 0.12 (Dilger and Brown, 1995; Dilger and Cao, 1991; Megally and Ghali, 2000). In this study, non-304 

simulated collapse was assumed to occur if slab-column rotation exceeded 5.9%. Hazard consistent collapse fragilities 305 

were developed for all archetypes considering both simulated and non-simulated collapses. Collapse realizations are 306 

generally driven by non-simulated collapse. For all archetypes, simulated wall failures contribute, at most, 25% of the 307 

overall conditional collapse risk at the intensity levels considered, except for the drift-controlled archetypes (DL1.5% 308 

and DL1.25%) where the simulated wall failures can contribute up to 40%. The probability of collapse at each return 309 

period was calculated by dividing the number of collapse realizations over the total number of ground motion runs. A 310 
cumulative lognormal distribution was fitted to the data using a maximum likelihood estimation procedure, as outlined 311 

by Baker (2015). Figure 6a shows the collapse fragilities of all 16-story archetype buildings considered in the 312 

assessment according to the 2018 NSHM. Because each archetype has a unique fundamental period T1, Figure 6a 313 

shows the collapse fragilities with respect to the return period of SAT1 to permit a visual comparison of all collapse 314 

fragilities. It can be observed that all design strategies considered resulted in drastic reductions in the probability of 315 

collapse with respect to the REF archetype.  316 

 317 

 318 

 319 
Figure 6. Collapse fragilities (a) for the 16-story RC shear wall archetypes and (b) for the REF archetypes 320 

from 8 to 24 stories per the 2018 NSHM. 321 
 322 

Similar trends were found for the other archetypes of different heights. Figure 6b illustrates the collapse fragilities for 323 

8- to 24-story REF archetypes per the 2018 NSHM. As seen in the Figure, the collapse probabilities conditioned on 324 

all return periods increased with building height from 8- to 20-story REF archetypes; however, there was a reduction 325 

in the collapse probabilities for the 24-story REF archetype. For example, across all REF archetypes, collapse 326 

probabilities conditioned on the 2475-year intensity level varied from 12%, for the 8-story archetype, to 35%, for the 327 

20-story archetype and then dropped to 22% for the 24-story archetype. The design of the 24-story archetype is 328 

controlled by minimum base shear requirements, which result in a larger seismic design strength than that of the 20-329 
story archetype. As a result, the 24-story archetype has smaller drift values, which result in fewer non-simulated 330 

collapse observations. Conditional collapse probabilities under the M9 simulations were also evaluated and varied 331 

between 0 and 17%, where the 20-story REF archetype had the highest conditional probability of collapse. 332 

 333 

Distinct collapse fragilities were considered for all archetypes under the interface earthquakes. Considering only the 334 

interface earthquake contribution to the hazard, as opposed to all seismic sources (Figure 6a) resulted in a reduced 335 

probability of collapse for any given return period. This is because for a given spectral acceleration, the interface 336 

earthquake hazard is a fraction of total hazard. The corresponding return period for a similar spectral acceleration is 337 

greater when considering a single source than when considering all sources. Analysis of the archetype buildings with 338 

earthquake ground motions consistent with the 2014 NSHM resulted in negligible probabilities of collapse. 339 

 340 

Loss Assessment 341 
 342 

A risk-based assessment was carried out to calculate the average annual losses (AAL) of each archetype building. A 343 

risk-based assessment consists of the evaluation of a number of intensity-based performance assessments under a 344 

range of ground motion intensity levels, five in this study, which are then combined with the ground motion hazard 345 

 

 
 (a)                                                                                  (b) 
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curve to provide the annual rates of exceedance of a performance measure, e.g. economic loss (NEHRP, 2011). The 346 

technical basis of this methodology was developed by the Pacific Earthquake Engineering Research (PEER) center 347 

and applies the total probability theorem to predict earthquake consequences in terms of the probability of incurring a 348 

particular value of a performance measure (Moehle and Deierlein, 2004). Under this framework, performance is 349 

computed by integrating (1) the probability of incurring an earthquake of different intensities over all possible 350 

intensities, (2) the probability of incurring a certain building response (e.g. drift, acceleration, etc.) given an intensity 351 

of ground shaking, and (3) the probability of incurring certain damage and consequences given a value of building 352 

response (FEMA, 2012). Additionally, the results were used to construct seismic vulnerability functions to permit 353 
rapid loss evaluations for regional and/or building portfolio risk assessments. 354 

 355 

The risk-based assessments were carried out consistent with the 2014 and 2018 NSHMs. Additionally, a scenario-356 

based assessment was performed to evaluate the response of the archetype buildings conditioned on the occurrence of 357 

the M9 CSZ simulated earthquake scenarios. At each earthquake intensity level considered in the study, two thousand 358 

Monte Carlo simulations were carried out to evaluate the earthquake-induced losses. For each realization, the losses 359 

are calculated as follows: (i) engineering demand parameters, e.g. peak story drifts and accelerations (e.g. Figure 3), 360 

are estimated from the results of nonlinear dynamic analyses; (ii) fragility functions are used in conjunction with 361 

engineering demand parameters to determine the associated damage state for each component (structural and non-362 

structural); (iii) consequence functions are then used to translate damage states into repair costs (FEMA, 2012). The 363 

direct economic losses for each realization are then estimated by conducting this calculation for every component at 364 

every story throughout the building. The loss assessment was carried out using SP3 (SP3, 2019), a software which 365 

implements the FEMA P-58 methodology (FEMA, 2012).  366 

 367 

A building performance model was created for each archetype building, considering variations in height and design 368 

strategy, to enable estimating its earthquake-induced repair costs. The building replacement cost for each archetype 369 

residential building was estimated assuming a cost of $230 per sq. ft. by adjusting values recommended by FEMA P-370 
58 for office buildings in California to account for differences in location (SP3, 2019) and occupancy type (RS Means, 371 

2019). 372 

 373 

Structural component quantities were based on the structural design of each archetype building, with slight variations 374 

depending on the design strategy. Non-structural component quantities were estimated based on typical quantities 375 

found in residential buildings using the FEMA P-58 Normative Quantity Estimation Tool (FEMA, 2012) and adjusted 376 

per the recommendations of USGS (2018b) and ATC (2018). Non-structural quantities per story were generally 377 

consistent for all building archetypes. Table 3 provides a summary of the building performance model assumptions 378 

for all archetype buildings including the structural and non-structural components adopted, their fragility numbers 379 

(unique identifiers), component category (e.g. structure, façade, MEP, fitouts, etc.), quantity, unit, distribution of 380 

components throughout the building, and the engineering demand parameters (EDP) the fragility function were 381 

conditioned on.  382 

 383 

Different engineering demand parameters were used for different building components, depending on their ability to 384 

predict damage (e.g., damage to acceleration-sensitive components can be estimated by peak floor accelerations). The 385 

following demand parameters, derived from the nonlinear analysis results, were used to evaluate performance of the 386 

archetype residential RC shear wall building: story drifts, residual drift, damageable wall drift, racking drift, and floor 387 
acceleration. Racking drift deformations occur in the RCSW structure due to the difference between the vertical 388 

deformation at the shear wall edges and the gravity frame columns. The racking drift causes damage and losses 389 

associated with interior partition wall finishes and slab-to-column connections. For the damage assessment of wall 390 

piers, simply using story drift ratio as a proxy for damage is not appropriate. For instance, on the upper floors of the 391 

archetype buildings, rigid body rotation contributes significantly to the story drifts. However, this mode of deformation 392 

does not cause damage to the wall piers in the upper stories. Therefore, damageable wall drifts, which remove the 393 

effect of rigid body rotation, were used as a better proxy for damage. 394 

 395 

Residual drift was also included in the analysis to account for cases where the building is assumed to be damaged 396 

beyond repair. Residual drift is uncertain and highly sensitive to the nonlinear modeling assumptions and ground 397 

motion characteristics. Hence, residual drift was estimated as a function of peak story drift and yield drift following 398 

FEMA (2012) recommendations. A building repair fragility, represented by a cumulative lognormal distribution with 399 

a median value of 1% residual drift ratio and a dispersion of 0.3, was assumed in the analysis. Similarly, the building-400 

specific collapse fragilities presented earlier were used to determine varying probabilities of collapse at different 401 
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ground motion shaking intensities. While the nonlinear simulation of structural response was performed using 2D 402 

models in the uncoupled direction of the RC shear wall buildings, loss estimation requires inputs in both orthogonal 403 

directions. Quantities in the uncoupled direction were considered for the coupled direction as well. As a result, demand 404 

parameters were assumed to be the same in both building directions (i.e., uncoupled and coupled).  405 

 406 

Table 3. Structural and non-structural components per story for all archetype residential RC shear wall 407 

buildings. 408 

Fragility ID Component Quantity1 Unit Location EDP 

B1044.1xx2 Slender Concrete Wall Varies2 144 SF All Stories3 Damageable Wall Drift 

B1049.012 RC Slab-Column Connection 12 Each All Stories Racking Drift 

B20222014 Curtain Walls 67 30 SF Stories (TYP.)5 Story Drift 

C1011.001a Wall Partition w/ Metal Studs 6 100 LF Stories (TYP.) Racking Drift 
C3011.001a Wall Partition Finishes 1.91 100 LF Stories (TYP.) Racking Drift 

C2011.001a Prefabricated Steel Stair w/ 

Seismic Joint 

2 Each All Stories Story Drift 

D101411ridr6 Elevator Guide Rail System (2 or 4)7 Each Ground Level Residual Drift 
D1014.011 Traction Elevator Cabin (2 or 4)7 Each Ground Level Acceleration 

D3041.001c HVAC Fan 0.4 10 Each Stories (TYP.) Acceleration 

D3041.011c HVAC Ducting 0.5 1000 LF Stories (TYP.) Acceleration 

D5012.023b Low Voltage Switchgear 1 225 Amp Stories (TYP.) Acceleration 
D2022.023a Heating Water Piping – Large 

Diameter 

0.056 1000 LF Stories (TYP.) Acceleration 

D2022.013a Heating Water Piping – Small 

Diameter 

1.55 1000 LF Stories (TYP.) Acceleration 

D2022.023b Heating Water Pipe Bracing – 

Large Diameter 

0.056 1000 LF Stories (TYP.) Acceleration 

D2022.013b Heating Water Pipe Bracing – 

Small Diameter 

1.55 1000 LF Stories (TYP.) Acceleration 

D2021.023a Potable Water Piping 0.075 1000 LF Stories (TYP.) Acceleration 

D2021.023b Potable Water Pipe Bracing 0.075 1000 LF Stories (TYP.) Acceleration 

D3041.041b Variable Air Volume Box 0.4 10 Each Stories (TYP.) Acceleration 

D2031.023a Sanitary Waste Piping – Piping 
Fragility 

1.34 1000 LF Stories (TYP.) Acceleration 

D2031.023b Sanitary Waste Piping – 

Bracing Fragility 

1.34 1000 LF Stories (TYP.) Acceleration 

D4011.023a Fire Sprinkler Water Piping 5.63 

2.2 

1000 LF Basement Levels 

Stories (TYP.) 

Acceleration 

D4011.053a Fire Sprinkler Drop 3.07 

1.2 

1000 LF Basement Levels 

Stories (TYP.) 

Acceleration 

D3041.032c HVAC Drops / Diffusers 8 10 Each Stories (TYP.) Acceleration 

C3032.003a Suspended Ceiling 40 250 SF 1st Floor above 

Ground 

Acceleration 

D3031.023(i or l)8 Cooling Tower 1 Each Roof Only Acceleration 
D3052.013(i or l)9 Air Handling Unit 1 Each Roof Only Acceleration 

D3031.013(f or i)10 Chiller 1 Each Roof Only Acceleration 

1 These quantities are relative to the unit values.  409 
2 Varies per archetype based on the RC core wall size and geometry. 410 
3 All stories include typical stories (above grade) as well as basement levels (below grade). 411 
4 User-defined fragility functions were defined for three damage states with the median story drift ratios of 0.01, 0.03, and 0.04 412 
respectively. Dispersion was assumed to be equal to 0.3 for all damage states. 413 
5 Includes all stories above ground. 414 
6 User-defined fragility functions were defined for two damage states with the median elevator residual drift ratios of 0.002 and 415 
0.005 respectively. Dispersion was assumed to be equal to 0.3 for both damage states. 416 
7 Two elevators for 8- and 12-story archetypes. Four elevators used for all other archetypes.  417 
8 D3031.023i used for 8- and 12-story archetypes. D3031.023l used for all other archetypes. The quantity and size for the cooling 418 
tower were adjusted per the building’s total square footage.  419 
9 D3052.013i used for 8-, 12-, and 16-story archetypes. D3052.013l used for all other archetypes. The quantity and size for the air 420 
handling unit were adjusted per the building’s total square footage. 421 
10 D3031.013f used for 8-, 12-, 16-, and 20-story archetypes. D3031.013i used for all other archetypes. The quantity and size for 422 
the cooling tower were adjusted per the building’s total square footage.  423 
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INDICATORS OF SEISMIC PERFORMANCE   424 
 425 

Simulated M9 Scenario vs 975-year and 2475-year Intensity Level Losses 426 
 427 

For each of the seven categories of archetypes, Figure 7 shows the mean losses under the M9 earthquake, 975-yr 428 

intensity level and 2475-yr intensity levels per both the 2014 and 2018 NSHMs. As seen in Figure 7, the expected 429 

earthquake-induced repaired costs of the REF archetype buildings conditioned on the occurrence of the simulated M9 430 

scenarios ranges from 47% to 61% of building replacement cost, depending on the number of stories. Benchmarking 431 
these metrics against probabilistic estimates of the intensity reveals that on average the M9 losses (a) lie between 975-432 

year and 2475-year intensity levels per the 2018 NSHM, and (b) exceed the losses corresponding to the 2475-year 433 

intensity level per the 2014 NSHM. For all 8- to 24-story REF archetypes, the expected loss under the M9 simulations 434 

was on average 55% of building replacement cost, whereas the 975-year and 2475-year 2018 NSHM losses were 435 

approximately 50% and 93% of the building replacement costs, respectively. 436 

 437 

 438 
Figure 7. Mean losses under the M9 earthquake vs 975-yr and 2475-yr intensity levels per the 2014 and 2018 439 

NSHMs. 440 
 441 
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Figure 8 illustrates the loss breakdown of the 16-story REF archetype under different hazards. As seen in the figure, 442 

the major contributor to the loss for all intensity levels is irreparable damages caused by residual drifts with the 443 

exception of the 975-year intensity level per the 2014 NSHM, which is dominated by repairable damage to structural 444 

and non-structural components. There are considerable loss contributions due to collapse for the 16-story REF 445 

archetype under the M9 simulations as well as the 2475-year intensity level per the NSHM 2018, where collapse 446 

contributions to expected loss are 13% and 28% of the total replacement cost, respectively. 447 

 448 

 449 
Figure 8. Mean loss breakdown for the 16-story REF archetype under the M9 earthquake vs 975-yr and 450 

2475-yr intensity levels per the 2014 and 2018 NSHMs. 451 

 452 

Vulnerability Functions and Annualized Earthquake-induced Repair Costs  453 
 454 

Vulnerability functions are powerful tools to estimate expected (mean) losses at different earthquake intensity levels. 455 

In this study, expected losses were calculated for all archetype buildings, considering variations in height and design 456 

strategy. Figure 9 shows the vulnerability functions for the 16-story archetype buildings, which describes the expected 457 

loss ratio as a function of the return period of SAT1 per the 2014 and 2018 NSHMs. The loss ratio is equal to the 458 

expected earthquake-induced repair costs, as determined from the loss assessment, normalized by the replacement 459 

value of the building. As seen in Figure 9, at any return period, expected losses per the 2018 NSHM are considerably 460 

higher than those of the 2014 NSHM for all archetypes considered in the assessment. Furthermore, it can be observed 461 

that losses for REF archetype are considerably higher than all other design strategies considered. Considering the 16-462 

story archetype buildings, DL1.5% is the least effective and S25%+DL1.5% is the most effective design strategy to 463 

reduce losses. For example, under the 2475-year intensity level per the 2018 NSHM, the expected loss for the DL1.5% 464 

archetype is 20% lower than the REF archetype, whereas for the S25%+DL1.5% archetype, the reduction in loss is 465 
51%.  466 

 467 
Figure 9. Loss vulnerability functions for the 16-story archetypes per (a) the 2014 and (b) the 2018 NSHMs. 468 
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 469 

Past studies suggest that many owners may elect to replace buildings when the projected repair costs exceed about 470 

40% to 50% of the replacement cost (FEMA, 2012). When basin effects are neglected (Figure 9a), the 16-story REF 471 

archetype reaches this threshold at a return period of approximately 2500 years. Consideration of basin effects lowers 472 

the return period of this critical loss threshold to less than 1000 years. However, adopting the S25%+DL1.5% design 473 

strategy would increase the return period back to 2500 years.  474 

 475 

While vulnerability functions provide the loss values at various earthquake intensity measure levels, average annual 476 
loss (AAL) is a useful metric to describe the anticipated economic losses considering damage at all earthquake shaking 477 

intensity levels, expressed in the form of an annualized payment, typically normalized by the building replacement 478 

cost. Hence, this metric can be regarded as a proxy for annual insurance payments. In estimating AALs, it is useful to 479 

deaggregate the loss in terms of its key contributors: (a) repairable damage, (b) irreparable damage due to excessive 480 

residual drifts (requiring demolition), and (c) collapse. Figure 10 shows the loss breakdown at different intensity 481 

levels, as well as the AAL for 16-story REF archetype per the 2014 and 2018 NSHMs. As illustrated in the figure, 482 

consideration of basin effects resulted in a threefold increase in the AAL of the 16-story REF archetype from 0.06% 483 

to 0.17% of building replacement cost, which for the archetype building considered, is equivalent to $34000 and 484 

$96000 in annual losses, respectively. 485 

  486 

Past studies (e.g., Ramirez and Miranda, 2012; Molina Hutt et al., 2019) suggest that irreparable damage drives the 487 

AALs in modern buildings, whereas collapse drives the losses in older seismically vulnerable buildings. As illustrated 488 

in Figure 10a, the collapse contribution to AAL is low per the 2014 NSHM, highlighting the success of code provision 489 

in delivering low collapse risk (<1% in 50 years). However, consideration of basin effects resulted in a collapse risk 490 

that exceeded the code target (1% in 50 years) and consequently led to a considerable collapse contribution to AAL, 491 

15% for the REF archetype, as seen in Figure 10b.  492 

 493 
Figure 10 also illustrates the different loss contributions at each intensity level considered in the assessment. 494 

Regardless of the hazard model, at lower intensity levels (return period of 100 and 475 years) losses are driven by 495 

repairable damage, including structural and non-structural component damage. However, at higher intensity levels 496 

(return period greater than 2475 years per the 2014 NSHM and 975 years per the 2018 NSHM) irreparable damage 497 

due to excessive residual drift becomes the greatest contributor to the loss, with the exception of the 4975-year 498 

intensity level per the 2018 NSHM, where collapse dominated the loss.  499 

 500 

 501 
Figure 10. Loss vulnerability functions and associated AAL including contributions from collapse, 502 

irreparable and repairable damage for the 16-story REF archetype per (a) the 2014 and (b) the 2018 NSHMs. 503 
 504 

Figure 11 summarizes the AALs for the 8- to 24-story archetypes and all different design strategies, which were 505 

computed using three distinct seismic hazard models: 2014 NSHM, 2018 NSMH and 2018 NSHM+M9. The latter 506 

represents a hybrid seismic hazard model, which is based on the 2018 NSHM, but utilizes physics-based simulations 507 

to represent the large interface earthquake portion of the hazard and empirical relationships for all other earthquake 508 
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sources (crustal and intraslab). The hybrid seismic hazard model permits calculating AALs as outlined in Equation 509 

(1).  510 

 511 

AALNSHM 2018+M9 = AALNSHM 2018 - AALInterface + AALM9 (1) 512 

 513 

where, AALNSHM 2018+M9 is the total seismic loss per the 2018 NSHM with the M9 simulations representing interface 514 

earthquake contribution to the hazard, AALNSHM 2018 is the seismic loss per the 2018 NSHM, AALInterface is the seismic 515 

loss associated with interface earthquakes only, and AALM9 is the seismic loss corresponding to the M9 simulations.  516 
 517 

Figure 11 illustrates that the 2018 NSHM, i.e. considering basin effects, resulted in approximately a threefold increase 518 

in AALs over the 2014 NSHM for all archetypes. Furthermore, using physics-based simulations to represent the large 519 

interface earthquake portion of the hazard further amplified the losses relative to the 2018 NSHM. It should be noted 520 

that the average increase of AAL of the hybrid model over the 2018 NSHM was around 28% for the 8-, 12-, and 16-521 

story archetypes, where the increase in 16-story archetypes was slightly higher than the 8- and 12-story archetypes. 522 

However, the increase dropped to 24% for the 20-story archetypes and 16% for the 24-story archetypes.  523 

 524 

 525 
Figure 11. AALs for the 8- to 24-story archetypes, all different design strategies and all seismic hazard 526 

models. 527 

 528 
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Figure 12 compares the impact of the different design strategies on the average annual loss for the hybrid seismic 529 

hazard. The results suggest that S25%+DL1.5% was the most effective and DL1.5% was the least effective strategy, 530 

achieving an average 53% and 30% reduction in loss respectively, over the REF archetypes. Figure 12 also suggests 531 

that increasing design strength was a more efficient strategy to reduce earthquake-induced economic losses compared 532 

to increasing stiffness. 533 

 534 

 535 
Figure 12. AAL change of enhanced archetypes relative to REF archetype per the hybrid seismic model 536 

(average for all archetype stories). 537 
 538 

Relationship between Annualized Loss and Annualized Collapse Risk 539 
 540 

In order to study the relationship between annualized losses and collapse risk, the annualized collapse risk (λc) of each 541 

archetype was computed following a similar procedure that was used to calculate AAL, by combining its collapse 542 

fragility, expressed in terms of SAT1, with the seismic hazard curve. Collapse risk was only calculated per the 2018 543 

NSHM, because collapse probabilities per the 2014 NSHM were negligible. Figure 13 illustrates the relationship 544 

between AAL and λc under the 2018 NSHM.  545 

 546 

 547 
Figure 13. Relationship between AAL and λc per the 2018 NSHM. 548 

 549 

50-year collapse risk is calculated assuming collapse occurrence follows the Poisson distribution, which provides a 550 

benchmark against the maximum of 1% in 50 year targeted by ASCE 7-16. There is a strong linear correlation between 551 
AAL and λc for all archetypes with R-squared values of over 0.95 for the 8-, 16-, 20-, and 24-story archetypes and 552 

around 0.9 for the 12-story buildings. This indicates that buildings with higher collapse risk tend to have higher 553 
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earthquake-induced annual losses. While the slope of the regressed line is similar for all archetypes ranging from 12- 554 

to 24- stories, it is different for the 8-story archetypes, which are the only height for which the REF design complies 555 

with the code collapse-risk target of less than 1% in 50 years. If all archetypes from 8- to 24- story archetypes were 556 

grouped as a single set of data points, there would still be a correlation between AAL and λc for the new dataset, with 557 

an R-squared value of 0.67. These results suggest that the AAL for modern RC-shear wall building within the range 558 

of 8- to 24- stories can be estimated from the λc using Equation (2).  559 

 560 

AAL8-to 24-stories = 3.8836 λc+0.0007 (2) 561 
 562 

On the other hand, if 12- to 24-story archetypes were grouped as a single set of data points, the correlation between 563 

AAL and λc will be stronger, resulting in a R-squared value of 0.85. 564 

 565 

CONCLUSIONS 566 
 567 

This study quantified the earthquake-induced economic losses of a series of modern 8- to 24-story residential RC 568 

shear wall building archetypes in Seattle, with and without consideration of basin effects, as implemented in the 2018 569 

and the 2014 NSHMs, respectively. In addition, a hybrid hazard model was considered in the loss assessment to 570 

incorporate recent M9 CSZ earthquake simulations to represent the large contribution to the hazard of interface seismic 571 

sources. Expected losses were calculated at a variety of intensity levels for all archetype buildings. Losses were then 572 

integrated with the corresponding seismic hazard curves to report average annual losses (AALs). Finally, losses were 573 

computed for different archetype design strategies. The summary of findings for this study is as follows: 574 

● Losses under the simulated M9 CSZ earthquakes (with a return period of about 500 years) were bounded by 575 

the 2018 NSHM 975-year and 2475-year intensity level losses. On average, the expected loss under the M9 576 

simulations was 55% of building replacement cost across all REF archetypes, whereas the 975-year and 2475-577 

year losses were around 50% and 93% of the building replacement costs, respectively.  578 
● Consideration of basin effects within the probabilistic seismic hazard assessment (i.e., 2018 NSHM vs 2014 579 

NSHM) resulted in a threefold increase in AALs for a wide range of story heights. 580 

● Consideration of physics-based simulations in the loss assessment resulted in a further increase of 22% on 581 

average over the 2018 NSHM estimates. The minimum increase of 16% was observed in the 24-story 582 

archetypes, and the maximum increase of 28% was observed in the 16-story archetypes. 583 

● Comparison of AALs across all design schemes considered per the hybrid hazard model revealed that the 584 

S25%+DL1.5% (an increase in design forces by 25%, coupled with a reduction in drift limits to 1.5%) was 585 

the most effective and DL1.5% (reducing drift limits from 2% to 1.5%) was the least effective strategy to 586 

reduce annual losses relative to REF archetypes, achieving an average of 53% and 30% reduction in losses, 587 

respectively.  588 

● The PBD designs provide an economic solution in terms of material costs, which are lower than the 589 

S25%+DL1.5% design scheme, and seismic losses, which are slightly higher than the S25%+DL1.5% design 590 

scheme. However, PBD designs bare a higher engineering cost, as they require non-linear analysis to check 591 

inelastic strains, drifts, and forces, and involve a detailed peer review process. While these higher engineering 592 

cost implications are not considered in this study, if material savings outweigh design premiums, PBD 593 

provides a good solution.  594 

● There was a strong correlation between AAL and the annualized collapse risk, λc for all archetypes. The 595 
trends were very similar for all, but the 8-story archetypes due to smaller collapse risks compared to all others. 596 

However, AALs could still be inferred from λc for modern 8- to 24-story RC shear wall buildings using a 597 

fitted regressed line with a R-squared value of 0.67. 598 

 599 
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