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Abstract: Traditionally, probabilistic seismic hazard analysis (PSHA) has focused on calculating ground 

motion hazard curves for elastic, 5%-damped pseudo spectral accelerations, Sa(T)5%, which are used as the 

basis for engineering design parameters and targets for ground motion selection and modification. However,  

structures and geotechnical systems can exhibit a wide range of damping ratios both above and below the 5% 

level, depending on the construction material, structural system, nonstructural elements, or subsurface soil 

properties. When spectral parameters at such damping levels are required for certain applications, 5%-

damped accelerations have traditionally been extracted from PSHA-based hazard curves and adjusted outside 

of the hazard integral using damping scaling factors (DSF) such as those from Newmark & Hall (1982). Recent  

advances in the development of more rigorous and comprehensive damping scaling models (e.g.,  Rezaeian 

et al., 2014; Rezaeian et al., 2021) have allowed for the modeling of means and standard deviations of DSFs 

as functions of earthquake source and path properties for crustal, intraslab, and subduction interface tectonic 

environments. These DSF models can be applied to ground motion model (GMM) estimates of Sa(T)5% for a 

given earthquake rupture scenario to produce a corresponding mean and standard deviation S a at a specified 

damping ratio β, Sa(T)β. In this study, the DSF models of Rezaeian et al. (2014) and Rezaeian et al. (2021) 

are implemented within the U.S. Geological Survey National Seismic Hazard Model (NSHM) PSHA framework 

to calculate probabilistic hazard curves for spectral accelerations at damping ratios from 0.5% to 30%. The 

DSF models are applied directly to the mean and standard deviation of Sa(T)5% predictions from each GMM in 

the NSHM logic tree. Resulting hazard curves and uniform hazard and risk spectra for Sa(T)β are presented 

for several geographic locations and compared with corresponding spectra estimated using current design 

practices by applying the same DSFs outside of the PSHA calculation. Key differences between the two 

methods for estimating Sa(T)β are discussed, and potential strategies are presented for the implementation 

and usage of the hazard-consistent Sa(T)β in building codes. Comparing the results to those from DSFs used 

in current design practices that are mainly based on Newmark & Hall (1982) is not explored in this study. 

1. Introduction 

Seismic design of  engineered systems generally requires a simplif ied representation of  the ground motion 

characteristics that a site of  interest might experience in a given tectonic environment. Traditionally these types 

of  analyses require the estimation of  ground motion intensity measures (IMs) for a controlling rupture scenario 

(in deterministic seismic hazard analysis) or for the full set of  plausible rupture scenarios ( in a probabilistic 

seismic hazard analysis, or PSHA). Such IM estimates are typically generated via empirical ground motion 

models (GMMs), the overwhelming majority of  which have been developed for elastic pseudo spectral 

acceleration, at a damping ratio of  5%, Sa(T)5%. Sa(T) represents the peak response of  a single-degree-of -

f reedom oscillator, with the damping ratio β representing the level of  energy dissipation in the engineering  

system of  interest (e.g., structure, geotechnical system, or non-structural component). Although a damping 

ratio of  5% has been considered a reasonable default value for a typical structure in developing design ground 

motions, the origins of  this number are unclear,. The reality is that seismic design applications cover a wide 
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range of  systems, including non-building structures such as storage tanks and vessels, non-structural 

components, and buildings designed using base-isolated systems and damping devices that can have very 

dif ferent damping ratios. These systems exhibit a wide range of  dissipation levels, and therefore they may be 

more appropriately modeled using pseudo spectral accelerations with β values other than 5% (examples 

provided in Rezaeian et al., 2014). Models of  damping scaling factors (DSF) have been developed and used 

to modify the default, 5%-damped, pseudo spectral accelerations to appropriate damping ratios for given 

engineering systems. In current engineering practice, DSFs are applied to design ground motions outside of  

the PSHA for simplicity, even though they are developed for GMMs that are used inside the PSHA.  

This study explores the two dif ferent approaches to using DSF models: outside of  the PSHA as in current 

engineering practices, and inside the PSHA as the models should be used.  Conventional methods for 

estimating non-5% damped ground motions, wherein design ground motions are modif ied using DSF models 

outside the PSHA calculation, are presented and their practical considerations and limitations are discussed. 

A more rigorous method is then proposed, involving direct hazard calculations of  non-5% damped ground 

motions by applying DSF models within the PSHA calculation, and a preliminary implementation is presented 

within the U.S. Geological Survey (USGS) National Seismic Hazard Model (NSHM) (e.g., Petersen et al., 

2020). Resulting design ground motion spectra using the two methods are compared for several test locations 

throughout the United States, and potential improvements and impacts to seismic provisions of building codes 

are discussed. Note that DSFs used in current design practices are only period-dependent and are based on 

outdated models such as the one by Newmark & Hall (1982). These outdated models have been compared 

with more recent recordings of  earthquake ground motions that suggest the models should also depend on 

magnitude, distance, and tectonic regions (Rezaeian et al., 2014, 2021); however, in this study we do not 

explore the dif ferences between various DSF models and instead focus on the two dif ferent applications of the 

same DSF model. 

2. Background 

While the default damping ratio used in most GMMs and PSHA calculations, and therefore most seismic design 

applications, is 5%, engineering systems can exhibit a wide range of  damping ratios (Rezaeian et al., 2021).  

Tall, f lexible buildings tend to dissipate much less energy when subjected to ground shaking, leading to 

damping ratios as low as 2.5% (PEER/ATC72-1, 2010), while base-isolated structural systems may exhibit 

damping ratios much higher than the default 5%. For these examples and other applications (e.g., nuclear 

facilities, non-structural components), it is of ten necessary to estimate Sa(T) for damping ratios other than the 

5% seen in typical GMMs. This is currently achieved by applying period-dependent DSFs to convert Sa(T)5% 

to spectral accelerations at various damping ratios, Sa(T)β, as follows: 

 

𝐷𝑆𝐹(𝑇, β%) =
𝑆𝑎

(𝑇)
β

𝑆𝑎
(𝑇)

5%

 (1) 

 

Early procedures for scaling 5%-damped spectral accelerations to specif ied damping ratios (e.g., Newmark & 

Hall, 1982; Idriss, 1993; Abrahamson & Silva, 1996) formed the basis of  damping scaling recommendations in 

several seismic provisions. These early models provided simplif ied DSFs for a limited range of  periods, with 

no dependence on earthquake rupture parameters. Updated empirical DSF models using larger ground motion 

datasets for shallow crustal (Rezaeian et al., 2014) and subduction zone (Rezaeian et al., 2021) environments  

(collectively referred to herein as the “NGA" DSF models) showed a statistically signif icant dependence of  the 

DSF on earthquake moment magnitude Mw and closest rupture distance Rrup, resulting in more rigorous models 

that incorporate these ef fects and quantify the variability in estimating DSF for a given rupture scenario. 

Within the context of  design of  new structures in the United States, the American Society of  Civil Engineers 

(ASCE) 7 standard (e.g., ASCE, 2022) require development of  risk-targeted ground motions for the maximum 

considered earthquake (MCER) response spectrum used as input to structural analyses and design 

procedures. The MCER spectral accelerations are computed by iteratively integrating the probabilistic hazard 

curves for Sa(T)5% with a collapse f ragility curve that is anchored to a 10% probability of  collapse conditioned 

on the occurrence of  the risk-targeted spectral acceleration (Luco et al., 2007). In typical engineering  

applications, seismic hazard analysis for non-5% damping levels is performed by converting the 5%-damped 

MCER to the damping ratio of  interest using an applicable DSF model. This “deterministic” approach is def ined 
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here as applying a constant value of  DSF to the 5%-damped MCER at a given period; such a DSF is either 

based on older models as described above or precalculated based on a deterministic event.  When using a 

model with additional parameters besides spectral periods, such as the Rezaeian et al. (2014) and Rezaeian 

et al. (2021) models, this requires disaggregation of  hazard to identify the tectonic setting that controls the 

MCER ground motions, which determines the appropriate DSF model to use (i.e., one based on shallow crustal 

or subduction zone ground motions) and the modal Mw and RRup. This method is herein referred to as the 

“hybrid” approach for computing MCER spectra at non-5% damping levels, due to the use of  probabilistic 

methods to calculate the initial 5%-damped MCER, mixed with deterministic methods to convert it to non-5% 

damping levels. 

MCER spectra for a set of  damping ratios ranging f rom 0.5% to 30%, developed using the hybrid procedure 

described above and the NGA crustal and subduction DSF models, are shown in Figure 1Figure 1 and Figure 

2Figure 2 for four U.S. cities that feature as test sites for the National Earthquake Hazards Reduction Program 

(NEHRP) provisions (Building Seismic Safety Council, 2020). Note that for Central and Eastern United States 

(CEUS) sites such as St. Louis, the NGA active crustal DSF model is used, due to the current lack of  a DSF 

model that applies to stable continental tectonic environments.  

 
Figure 1: Damped MCER spectra for (a) Irvine, California and (b) Sacramento, California NEHRP test cities,  

developed according to ASCE 7-22 site-specific procedures, with damping scaling factors applied to the 5%-

damped MCER spectrum using the “hybrid approach”. 

While this hybrid procedure for computing the damped MCER is necessary given the current state of  practice 

and availability of  information in most PSHA computational platforms (e.g., Powers et al., 2022), it is 

cumbersome for a practicing engineer and requires several assumptions and oversimplif ications. Further, the 

hybrid procedure may produce results inconsistent with more accurate fully probabilistic methods for directly 

computing Sa(T)β hazard curves by implementing DSF models inside the PSHA directly (refer to Section 3.2). 

The hybrid simplif ications include (1) that a single rupture scenario controls the scaling between 5%- and non-

5% damping levels, and (2) that there is no uncertainty in scaling between 5%- and non-5% damping levels. 

With respect to the f irst simplif ication, there is potential for the dominant rupture scenario to vary considerably 

with oscillator period T and introduce abrupt discontinuities in the DSF-adjusted MCER spectrum. This ef fect 

is evident in all four of  the NEHRP examples shown in Figure 1Figure 1 and Figure 2Figure 2 at a variety of  

periods and damping levels. 

A more accurate method for producing uniform-hazard and MCER response spectra at specif ied damping ratios 

is to instead perform PSHA directly for Sa(T)β, accounting for all rupture scenarios, aleatory variabilities, and 

epistemic uncertainties in the same manner that is commonly performed for the default 5% -damped spectral 

accelerations. The following sections illustrate how this  “probabilistic approach” can be readily achieved using 

existing PSHA computational inf rastructure (e.g., Powers et al., 2022) and DSF models that adjust Sa(T)5% to 

Sa(T)β within the hazard integral, directly addressing the limitations in conventional deterministic and hybrid 

methods for adjusting MCER spectra. 

 



WCEE2024  Makdisi et al. 

 
 

4 

 
Figure 2: Damped MCER spectra for (a) Portland, Oregon, and (b) St. Louis, Missouri, NEHRP test cities, 

developed according to ASCE 7-22 site-specific procedures, with damping scaling factors applied to the 5%-

damped MCER spectrum using the “hybrid approach.” 

3. Implementation of damping scaling factors in the USGS NSHM 

One of  the advantages of  using the NGA DSF models is that they allow for computation of  both median and 

standard deviation of  Sa(T)β for a given rupture scenario, using similar inputs and producing the same type of  

outputs as what is obtained using many of  the GMMs for Sa(T)5% in current PSHA f rameworks. Such DSF 

models present a convenient and practical method for direct hazard curve computation. Rather than relying 

on the development of  new GMMs that directly estimate Sa(T) for dif ferent damping ratios, DSF models can 

be tied directly to the suites of  GMMs that are already validated and used to compute Sa(T)5% in the USGS 

NSHM.  

3.1. Scenario ground motion predictions using damping scaling factors 

The functional form of  the empirical NGA DSF models can be expressed as follows: 

ln 𝐷𝑆𝐹(𝑇, β) = μ(𝑇, β%, 𝑀𝑤 , 𝑅𝑅𝑢𝑝 , 𝑏) + 𝜀 ∙ 𝜎ln𝐷𝑆𝐹  (2) 

where Mw and RRup are the moment magnitude and closest rupture distance, respectively, of  the given rupture 

scenario; b is the set of  model coef ficients, which depend on the tectonic environment with dif ferent coef f icients 

for shallow crustal (Rezaeian et al., 2014) and subduction interface or intraslab (Rezaeian et al., 2021) ground 

motions; ε is a standard normal distribution assumed to have zero mean and a standard deviation of  1; and 

𝜎ln𝐷𝑆𝐹  is the DSF model standard deviation The median DSF, , is also period-dependent and can be 

computed for a range of  damping ratios, f rom β=0.5% to 30%. The resulting median and logarithmic standard 

deviation values of  the damped spectral acceleration Sa(T)β, denoted as 𝜇 ln𝑆𝑎(𝑇)β
 and 𝜎ln𝑆𝑎(𝑇)β

, respectively, 

are computed by combining the median and logarithmic standard deviation of  the DSF model with those of  the 

GMM-based estimate of  Sa(T)5% for the same rupture scenario and vibration period (T), as follows: 

 

𝜇ln𝑆𝑎(𝑇)β
= 𝜇ln𝑆𝑎(𝑇)5%

+ 𝜇ln𝐷𝑆𝐹(𝑇) (3a) 

𝜎ln𝑆𝑎(𝑇)β
= √𝜎ln𝑆𝑎(𝑇)5%

2 + 𝜎ln𝐷𝑆𝐹
2 + 2𝜎ln𝑆𝑎(𝑇)5%

𝜎ln𝐷𝑆𝐹 𝜌 (3b) 

where 𝜇 ln𝑆𝑎(𝑇)5%
and 𝜎ln𝑆𝑎(𝑇)5%

 are the median and log standard deviation GMM-based estimates of  5%-

damped spectral acceleration; and 𝜌 is the correlation coef f icient between ln 𝐷𝑆𝐹 and ln 𝑆𝑎
(𝑇)

5%, which is 

provided as tabular data in Rezaeian et al. (2014) and Rezaeian et al. (2021). Example mean and plus/minus 

one standard deviation response spectrum predictions are shown in Figure 3Figure 3 for crustal and 

subduction earthquake scenarios. The response spectra predictions for the crustal scenario (Figure 3Figure 

3a) are computed using a subset of  the Next Generation Attenuation West (NGA-West2) GMMs (Abrahamson 
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et al., 2014; Boore et al., 2014; Campbell & Bozorgnia, 2014; Chiou & Youngs, 2014) and the Rezaeian et al. 

(2014) DSF model. The corresponding subduction-zone scenario predictions in Figure 3Figure 3b were 

computed using Next Generation Attenuation Subduction (NGA-Sub) GMMs (Abrahamson & Gulerce, 2022; 

Kuehn et al., 2023; Parker et al., 2022) and the Rezaeian et al. (2021) DSF model. For illustration purposes 

only, in the f igure the median spectra are computed f rom the mean of  the individual GMM ln𝑆𝑎
(𝑇)β  values, 

while the standard deviation is computed as the mean of  the individual GMM values of  𝜎ln𝑆𝑎(𝑇)β
. 

 
Figure 3: Weighted average median and standard deviation response spectra for a range of damping 

ratios for a hypothetical site with an average shear wave velocity in the upper 30 m (Vs30) of  760 m/s and 

scenarios corresponding to  (a) a shallow crustal earthquake, combining NGA-West2 GMMs with the 
Rezaeian et al. (2014) DSF model, and (b) a subduction interface earthquake, combining NGA-Subduction 
(NGA-Sub) GMMs with the Rezaeian et al. (2021) DSF model. Shaded regions represent +/- one standard 

deviation. 

3.2. Implementation of DSF GMMs in the USGS NSHM 

The combination of  the NGA DSF models with existing NGA-West2 and NGA-Sub GMMs (refer to Figure 

3Figure 3) results in suites of  ground motion predictions of  Sa(T) at specif ied damping ratios that capture an 

important source of  epistemic uncertainty in the median and standard deviation estimates o f  Sa(T)β. In this 

manner, logic trees for conventional 5%-damped GMMs can essentially be replicated by scaling the Sa(T)5% 

predictions to Sa(T)β using Equations (2) and (3a) for each GMM in the logic tree for all rupture scenarios. 

However, additional potential sources of  epistemic uncertainty that may stem f rom other models for computing 

non-5% damped ground motions are neglected here. Example logic trees for the damped Sa(T) computations 

are shown for shallow crustal and subduction zone sources in Figure 4Figure 4. This procedure allows 

standard PSHA calculations to be performed for Sa(T)β in a similar fashion to current calculation procedures 

for Sa(T)5%, producing the same types of  output (i.e., hazard curves and disaggregation data) that engineers  

and researchers typically need for Sa(T)5% and other conventional IMs.  

In this study, the NGA DSF models were implemented in the USGS NSHM computational plat form, nshmp-

haz (Powers et al., 2022). Median and standard deviation estimates of  Sa(T)β were calculated by applying the 

Rezaeian et al. (2014) DSF model to the GMM logic trees for both active crustal sources in the western United 

States (WUS) and stable continental source in the CEUS, and the Rezaeian et al. (2021) DSF model to 

subduction zone sources in the WUS. 
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Figure 4: Example logic tree implementation for combining GMM estimates of 5%-damped spectral 

acceleration with NGA damping scaling models to generate ground motion predictions of spectral 
acceleration at specified damping ratios for (a) shallow crustal sources (using NGA-West2 GMMs) and (b) 

subduction zone sources (using NGA-Sub GMMs). 

3.3. Hazard calculations for non-5%-damped spectral acceleration in the USGS NSHM 

Using the basic GMM implementation f ramework outlined in Sections 3.1 and 3.2, hazard curves for Sa(T)β 

were computed in nshmp-haz for the same four NEHRP test cities shown in Figure 1Figure 1 and Figure 

2Figure 2, using the 2018 edition of  the NSHM (Petersen et al., 2020) and the associated conterminous United 

States (CONUS) source catalogue (Powers & Altekruse, 2022). The hazard curve computation for a given IM 

involves calculating the annualized rate of  exceedance λ𝐼𝑀 of  a range of  IM levels for all plausible rupture 

scenarios 𝑟𝑢𝑝  over all seismic sources 𝑠𝑟𝑐, which can be expressed via: 

λ𝐼𝑀(𝑖𝑚) = ∑ ∑ 𝑃[𝐼𝑀 > 𝑖𝑚|𝑟𝑢𝑝𝑖 ,𝑗]λ(𝑟𝑢𝑝𝑖 ,𝑗)

N𝑟𝑢𝑝

𝑗

𝑁𝑠𝑟𝑐

𝑖

 

 

(4) 

where the f irst term within the summation (𝑃[𝐼𝑀 > 𝑖𝑚|𝑟𝑢𝑝𝑖 ,𝑗) is computed for Sa(T)β using the median and log 

standard deviation predictions in Equation (3a)(3), or alternatively a GMM that directly estimates the median 

and log standard deviation of  Sa(T)β. The resulting damped hazard curves for spectral accelerations at two 

common oscillator periods (0.2 and 1.0 s) are shown for the Irvine, California and Portland, Oregon test sites 

in Figure 5Figure 5 and Figure 6Figure 6, respectively. The hazard curves exhibit the same trends with respect 

to damping ratio that are implied by the NGA DSF models (refer to Figure 3Figure 3), with higher annualized  

rates of  exceedance of  Sa(T)β at lower damping ratios; conversely, for a given rate of  exceedance, the uniform 

hazard values of  Sa(T)β decrease with increasing levels of  damping and energy dissipation (i.e., increasing β).  
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Figure 5: Hazard curves for (a) Sa(0.2s) and (b) Sa(1.0s) at a range of damping ratios, computed using the 

2018 USGS NSHM and NGA damping scaling models, for the Irvine, California NEHRP test location.  

 

 

Figure 6: Hazard curves for (a) Sa(0.2s) and (b) Sa(1.0s) at a range of damping ratios, computed using the 

2018 USGS National Seismic Hazard Model and NGA damping scaling models for the Portland, Oregon, 

NEHRP test location. 

Comparison between current and proposed procedures for computing damped MCER spectra 

Using the PSHA calculation results for the non-5% damped spectral acceleration, a fully probabilistic MCER 

spectrum for Sa(T)β can be computed using the iterative integration procedure described in Section 2 (Luco et 

al., 2007). In Figure 7Figure 7 and Figure 8Figure 8 for the four NEHRP test cities, these spectra are compared 

to the current hybrid methods outlined in Section 2, in which the MCER spectrum for Sa(T)5% is converted to 

specif ied damping ratios using the DSF models and disaggregation data. Generally, the fully probabilistic 

approach results in wider ranges of  MCER ground motions with respect to damping ratio. This indicates that 

the current hybrid approach underrepresents the sensitivity of  the MCER ground motions to damping ratio at 

certain sites and certain period ranges. The underrepresentation is in part because the uncertainty in the DSF 

models is neglected, along with consideration of  the full distribution of  Mw and R in all rupture scenarios in the 

hazard integral. Furthermore, because the proposed probabilistic approach scales Sa(T)5% to Sa(T)β for all 

sources and rupture scenarios within the hazard integral, and there is no need to select a single controlling 
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rupture scenario to convert the 5%-damped MCER, the resulting damped spectra are much smoother, avoiding 

any of  the discontinuities that the hybrid-based MCER spectra exhibit at certain sites and period ranges.  

 

Figure 7: Comparisons of damped MCER spectra for (a) Irvine, California, and (b) Sacramento, California, 
NEHRP test cities, developed using the current “hybrid” approach and the “probabilistic” approach proposed 

herein. The dashed lines correspond to the 0.5% and 30% damped MCER ground motions range. 

 

 

Figure 8: Comparisons of damped MCER spectra for (a) Portland, Oregon, and (b) St. Louis, Missouri, 

NEHRP test cities, developed using the current “hybrid” approach and the “probabilistic” approach proposed 

herein. The dashed lines correspond to the 0.5% and 30% damped MCER ground motions range. 

4. Summary, discussion, and concluding remarks 

This study presents a preliminary implementation f ramework within the USGS NSHM for performing full PSHA 

hazard curve calculations for spectral accelerations at specif ied damping ratios, Sa(T)β. The motivation for this 

new implementation stems f rom the somewhat simplistic methods used in current practice for adjusting the 

5%-damped uniform hazard or MCER ground motion spectra that are typically available f rom the NSHM and 

many other PSHA implementations. These methods, described in this study as “hybrid” methods, either (i) use 

legacy damping scaling models, developed f rom relatively limited ground motions datasets that do not account 

for source and path ef fects, or (ii) employ more recent models that do account for such ef fects, but require 
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engineers to make decisions about what “controlling scenario” to select in order to use the damping models 

outside of  the PSHA hazard integral. 

The hazard calculations for Sa(T)β were implemented in the USGS nshmp-haz sof tware and demonstrated 

using the 2018 NSHM edition. The implementation follows a conditional GMM framework, where GMMs 

include conventional Sa(T)5% values as predictive parameters (e.g., Liu & Macedo, 2021). This allows for the 

use of  existing epistemic uncertainties that are available in conventional Sa(T)5% predictions using existing 

GMMs to, at least partially, capture epistemic uncertainties in the prediction of  more novel IMs. In the case of  

Sa(T)β, this implementation involved combining the NGA DSF models of  Rezaeian et al. (2014) and Rezaeian 

et al. (2021) with existing suites of  GMMs for 5%-damped spectral accelerations (i.e., NGA-West2, NGA-Sub, 

NGA-East), resulting in median and lognormal standard deviation estimates of  Sa(T)β for all rupture scenarios, 

all sources, and all GMMs within the hazard curve calculation integral. The resulting damped hazard curves 

were then iteratively integrated with the notional collapse f ragility curves to obtain the non-5% damped MCER 

spectra for a range of  damping ratios; this overall approach for developing the MCER for specif ied damping 

ratios has been described in this study as the “probabilistic” method.  

Comparison of  the MCER ground motion spectra developed using the current hybrid and proposed probabilistic 

methods for several NEHRP test cities showed that the hybrid method tends to underrepresent the sensitivities 

to  in computing MCER spectra for Sa(T)β relative to the more accurate probabilistic method. Furthermore, the 

probabilistic method produces smoother MCER spectra that are not dependent on how the “controlling” 

scenario is characterized for selection of  appropriate DSF parameters. Overall, the preliminary implementation 

demonstrates that hazard calculations for Sa(T)β can be carried out in a very similar manner as the conventional 

Sa(T)5% calculations, producing the same types of  output data (e.g., hazard curves, disaggregation). 

4.1. Implications for engineering design and seismic provisions 

A f inalized implementation of  hazard curve and disaggregation calculations  of  Sa(T)β for the USGS NSHM has 

the potential to substantially improve the current seismic provisions for handling structures and systems with 

damping ratios other than 5%. While it is recognized that spectral accelerations at damping ratios closer to 

that of  the system of  interest are more appropriate for the analysis and design of  those systems than the 

default 5% damping level, the reliance on simplif ied adjustment factors outside of  the PSHA calculation does 

not guarantee hazard- or performance-consistent ground motions for such systems. Direct computation of  

probabilistic damped spectral accelerations would address this particular limitation; this improvement can be 

considered analogous to the improvements made to address the limitations in deterministic site amplif ication 

factors (Tables 11.4.-1 and 11.4-2) as recently as ASCE 7-16 (ASCE, 2016), which resulted in fully probabilistic 

ground motions computed for each site class starting in ASCE 7-22 (ASCE, 2022).  

The availability of  probabilistic MCER ground motions at a range of  damping levels may enable improvements 

to several areas of  the current NEHRP provisions and ASCE 7 standard, including non-building structures 

(Chapter 15), non-structural components (Chapter 13), base-isolated structures (Chapter 17), and structures 

with damping systems (Chapter 18). The proposed improvements for Sa(T)β also may facilitate more 

consistency in using spectra at non-5% levels as targets for ground motion selection, through more direct 

computation of  conditional mean and scenario spectra using the same methods that currently exist for 

computing 5%-damped conditional spectra. 

4.2. Future directions 

While the results of  this preliminary implementation show clear dif ferences on visual inspection when non-5% 

damped MCER ground motions are developed using the hybrid and probabilistic methods for the four NEHRP 

test sites considered, more systematic evaluation of  the dif ferences is needed before developing specific 

recommendations to the building code development community. Future ref inements to this procedure should 

focus on f inalizing and documenting the implementation of  Sa(T)β calculations in the 2023 update of  the USGS 

NSHM, and comprehensively quantifying the dif ferences between hybrid and probabilistic procedures for the 

full set of  NEHRP test cities and site classes. Furthermore, the comparisons made in this study focused solely 

on the application of  the NGA DSF models; future evaluations of  the two procedures should account for the 

fact that a wider range of  damping scaling models and methods are used (e.g., Abrahamson & Silva, 1996; 

Idriss, 1993), with dif ferent simplif ications of  these methods for recommended use in dif ferent design 

guidelines. The development and evaluation of  the probabilistic Sa(T)β procedure should also consider use 
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cases outside of  the NEHRP provisions, and similarly quantify the dif ferences between hybrid and probabilistic 

procedures through the lens of  design spectra computed according to other bases of  design, such as ASCE 

41 (ASCE, 2017) and the American Association of  State Highway and Transportation Off icials specifications 

(AASHTO, 2023).  
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