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Abstract 14 

The state of practice for assessing soil liquefaction triggering relies on semi-empirical models that use the peak ground 15 

acceleration (PGA) at the ground surface and the earthquake magnitude (M) to represent the seismic demand leading 16 

to liquefaction or lack thereof. Analysts have used various methods to compute PGAs at liquefaction case history sites 17 

from past earthquakes. PGA was often taken as equal to the value recorded at the nearest seismic station, sometimes 18 

adjusted based on the results of one-dimensional (1D) ground response analyses to account for differences in site 19 

effects. Ground motion models or judgment were often used when a site was not located near a seismic station. These 20 

approaches do not account for the differences in path effects between the liquefaction site and the nearest ground 21 

motion recording, may neglect differences in site conditions between a seismic station and a liquefaction site, and do 22 

not generally consider PGA spatial correlation. This paper’s objective is to compute PGAs at 569 case history sites in 23 

the Next Generation Liquefaction (NGL) database using a consistent approach that builds on previous studies. Three 24 

alternative intensity measures (IMs) are also computed at the liquefaction sites, namely peak ground velocity (PGV), 25 

Arias intensity (IA), and cumulative absolute velocity (CAV). A comparison of legacy and newly estimated PGAs 26 

indicates a mean difference of -0.034 in natural logarithmic units (legacy values larger) and 95% of our values lie 27 

between 55 to 180% (i.e., a factor of 1.8) of legacy PGAs. This shows that the previous and new PGA values are 28 
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comparable as a whole, but individual cases have appreciable differences, the causes of which are explained in this 29 

paper.  30 

Introduction 31 

The state of practice for assessing soil liquefaction triggering relies on models developed based on field case histories. 32 

These databases consist of ground failure cases that manifested at the surface due to liquefaction, and non-ground 33 

failure cases at sites where liquefaction might have reasonably been anticipated (e.g., Seed and Idriss 1971, Cetin et 34 

al. 2000, Youd et al. 2001, Cetin et al. 2004, Moss et al. 2006, Boulanger and Idriss 2014, Cetin et al. 2018). A key 35 

component of these case histories is the seismic demand at the case history sites. Traditionally, this seismic demand 36 

is represented by cyclic stress ratio (CSR), adjusted both for a reference earthquake magnitude of M = 7.5 and for a 37 

vertical effective stress 𝜎𝜎𝑣𝑣′ = 1 atm (𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀=7.5,𝜎𝜎𝑣𝑣′=1), as defined in Eq. 1 (Idriss and Boulanger 2008).  38 

 𝐶𝐶𝐶𝐶𝐶𝐶𝑴𝑴=7.5,𝜎𝜎𝑣𝑣′=1 = 0.65 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃
𝑔𝑔
∙ 𝜎𝜎𝑣𝑣
𝜎𝜎𝑣𝑣′

∙ 𝑟𝑟𝑑𝑑 ∙
1

𝑀𝑀𝑀𝑀𝑀𝑀
∙ 1
𝐾𝐾𝜎𝜎

 (1) 39 

where PGA is the peak ground acceleration at the ground surface, 𝑔𝑔 is the acceleration of gravity in the same units as 40 

PGA, 𝜎𝜎𝑣𝑣 is the in-situ vertical total stress, 𝜎𝜎𝑣𝑣′ is the in-situ vertical effective stress, 𝑟𝑟𝑑𝑑 is a depth reduction factor, MSF 41 

is the magnitude scaling factor, and 𝐾𝐾𝜎𝜎 is an overburden correction factor. Additional correction factors can be applied 42 

to account for the influence of static shear stress. Estimating a suitable PGA is an important consideration when using 43 

Eq. 1 to evaluate liquefaction case histories or for forward applications. 44 

Various methods for estimating PGA are summarized in Table 1 and are listed in order of decreasing accuracy 45 

based on our judgment. Method 1 involves a ground motion instrument collocated with a liquefaction observation and 46 

is deemed the most accurate. However, collocated recordings are often affected by factors such as shaking-induced 47 

excess porewater pressure and dilation-induced acceleration spikes, and thus their direct use in triggering model 48 

development is not straightforward (Özener et al. 2020). The next best is interpolation of residuals from a grid of 49 

measured ground motions, as done in Method 2 and often Method 3. Method 2, interpolating within-event residuals, 50 

is preferred to direct interpolation of IMs because IMs are not spatially stationary and differences in site conditions 51 

are addressed when interpreting within-event residuals. Method 2 is distinct from post-earthquake ground motion 52 

maps (Method 3), such as the versions of U.S. Geological Survey (USGS) ShakeMaps produced shortly following 53 

major earthquakes, because the goal of those maps is to produce near real-time indicators of shaking intensity, which 54 
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means that the level of care adopted in ground motion processing is less rigorous. Moreover, some maps are based on 55 

estimations or correlations with macroseismic intensity. Modern USGS ShakeMaps use a similar Kriging-56 

interpolation approach as the one presented in this work (e.g., Worden et al. 2018, Engler et al. 2022), and therefore 57 

Methods 2 and 3 are conceptually similar. When updated after careful ground motion processing and human review, 58 

ShakeMaps should be considered equivalent to Method 2.  59 

Table 1. Summary of methods used to estimate ground motion intensity measures (IMs) in legacy datasets.  60 

Method Description Comment 

1 Recorded at the site, collocated Direct measurements at location of interest.  

2 Interpolated from recordings at 
nearby stations 

Interpolation is conducted on within-event residuals.  

3 Near real-time post-earthquake 
maps 

Post-earthquake ground motion maps based on recorded shaking 
intensities and interpolation of ground motion intensity measures.  

4 Based on ground response 
analyses 

Advantageous for sites with strong impedance contrasts, but 
uncertainty in the input motion makes this method less favorable. 

5 Recorded at the nearest seismic 
station 

Relatively common in past practice, but seismic stations are often 
several kilometers from a liquefaction site. 

6 Based on ground motion 
models 

High uncertainty because both between- and within-event variability 
apply in the absence of recorded event-specific ground motions. 

7 Based on judgment Not well documented, difficult to reproduce. 

 61 

One-dimensional (1D) ground response analysis (Method 4) can be accurate at sites with deep shear-wave 62 

velocity (VS) profiles containing strong impedance contrasts, and where the motion can be reasonably estimated below 63 

the impedance contrast (e.g., the “rock” motion). However, even in cases where a nearby rock outcrop motion is 64 

recorded, the recording is seldom close enough for the rock motion to be characteristic of the incident motion at the 65 

site. Method 5 was relatively common in past practice, in which analysts adopted the PGA recorded at the nearest 66 

seismic station. In many cases, that nearest seismic station was several kilometers away from the site, thus significant 67 

differences in PGA values may arise from differing path and site effects. Method 4 often used input motions obtained 68 

using Method 5 and therefore inherits some of its uncertainty. Method 6 uses ergodic ground motion models (GMMs), 69 

which carry a high degree of uncertainty because, in the absence of event-specific recordings, both between- and 70 

within-event sources of variability contribute to the uncertainty of ground motion estimates.  Method 7 estimates PGAs 71 

based on judgment. These judgments were often not well documented and are difficult to reproduce. Therefore, we 72 
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consider Method 7 to be the least preferred method. The variety of methods used to develop PGA estimates in legacy 73 

models leads to (1) IMs that are inconsistent with IMs derived in forward analyses, which are generally estimated 74 

using probabilistic seismic hazard analysis (PSHA), and (2) IMs that in some cases are biased, mainly due to 75 

inadequate consideration of path and site effects. These inconsistencies, in turn, might limit the predictive ability of 76 

liquefaction triggering models.  77 

Liquefaction datasets and models have predominantly used PGA and M to quantify the seismic demand 78 

leading to soil liquefaction, but there is potential for using other ground motion IMs to characterize demand. For 79 

instance, Kayen and Mitchell (1997) proposed a liquefaction triggering procedure that uses Arias intensity (IA) to 80 

represent seismic demand. Kramer and Mitchell (2006) evaluated several ground motion IMs for their efficiency, 81 

sufficiency and predictability. They found that the cumulative absolute velocity (CAV) estimated for ground motion 82 

time series with an acceleration cutoff of 5 cm/s2 (CAV5) is a good predictor of excess porewater pressure ratio (ru) 83 

and thus liquefaction triggering. Kramer and Sideras (2022) proposed a ground motion IM, denoted IML, based on 84 

observations from cyclic direct simple shear tests conducted with transient, irregular loading. The authors found that 85 

IML can account for the ground motion duration and amplitude effects on soil liquefaction. These and other studies 86 

suggest a potential for ground motion IMs other than PGA to increase the predictive ability of semi-empirical 87 

liquefaction triggering models. 88 

 Ground motion interpolation (i.e., Methods 2 and 3) requires an understanding of the spatial correlation of 89 

shaking intensity. Ground motions attenuate with distance from the fault rupture and are therefore non-stationary. 90 

Common methods of interpolation, such as ordinary Kriging (Krige 1951), assume a stationary random field. For this 91 

reason, interpolation is generally performed on within-event residuals because the ground motion model removes 92 

many non-stationary effects. Spatial correlation of within-event residuals arises from unmodeled source, path, and site 93 

effects. For example, the amount of slip is not constant along a fault, and ground motions tend to be stronger near high 94 

slip zones and smaller near low slip zones. These variations are not captured by the input parameters used in most 95 

GMMs. Similarly, site response may differ from GMM predictions due to strong impedance contrasts, basin edge 96 

effects, or topographic amplification effects that are not captured by the time-averaged shear wave velocity in the 97 

upper 30m (VS30), or isosurface depth parameters (e.g., z1.0, z2.5). These geologic features tend to be spatially correlated 98 

due to the underlying geologic processes that formed them, and the within-event residuals therefore inherit this spatial 99 

correlation. Path effects may also contribute to spatial correlation of within-event residuals due to spatial variability 100 
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in crustal attenuation (e.g., Kuehn et al. 2019). Spatial correlation of within-event residuals therefore consists of event-101 

specific components, such as the fault slip distribution and the path between the fault rupture and site, and sub-102 

regionally persistent features, such as site response effects and crustal attenuation patterns. The sub-regional properties 103 

could conceivably be quantified, thereby reducing uncertainty in spatial correlation of within-event residuals for 104 

forward applications, such as probabilistic seismic hazard analysis. However, this paper focuses on event-specific 105 

spatial correlation of within-event residuals, which is influenced by source, path, and site effects. Event-specific spatial 106 

correlation relationships cannot be generalized to future, unrealized events, but provide the most accurate interpolation 107 

strategy for individual events that are well recorded.  108 

In this study, we compute the mean and uncertainty of PGAs of case history sites in the Next Generation 109 

Liquefaction (NGL) database (Brandenberg et al. 2020, Ulmer et al. 2023) using a framework that builds on previous 110 

studies. In addition to PGA, we also apply the framework to compute peak ground velocity (PGV), IA, and CAV. 111 

Previous studies that used a framework similar to that presented here for different applications include Kwak et al. 112 

(2012), Stafford (2012), Bradley (2014), Worden et al. (2018), and Engler et al. (2022); an important new element of 113 

the present work is event-specific customization of spatial variability models using Bayesian methods, as detailed 114 

subsequently. Following this introduction, we first present the data resources that were used, including ground motion 115 

measurements and liquefaction site information. The methodology used to interpolate ground motions at liquefaction 116 

sites is then described, including the calculation of event terms and within-event residuals, the development of 117 

correlation models using Bayesian inference, and spatial interpolation. The legacy PGAs (i.e., those used in past 118 

triggering models), and the newly estimated PGAs are then compared. We conclude by investigating the impact of the 119 

new PGAs on liquefaction triggering relationships. Preliminary versions of the work presented here appear in 120 

conference papers and a report (Hudson et al. 2023, Pretell et al. 2024a, 2024b).  121 

Data resources 122 

Data resources used in this study are contained in the NGL database (Ulmer et al. 2023) and the Next Generation 123 

Attenuation (NGA) databases, NGA-West2 (Ancheta et al. 2014), NGA-Sub (Mazzoni et al. 2022), and NGA-East 124 

(Goulet et al. 2021). Spatial interpolation is much more accurate when neighboring ground motion recordings are 125 

available. For this reason, we added ground motion recordings that are not included in NGA products at a few key 126 

locations (e.g., the Watsonville recording for the Loma Prieta event downloaded from the Center for Engineering 127 
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Strong Motion Data, CESMD). These added recordings mainly include ground motions from other databases, single-128 

component recordings that may have been screened for NGA applications, and IMs reported in the literature. We 129 

disregarded collocated ground motion recordings that were affected by soil liquefaction, as identified by Özener et al. 130 

(2020), except for three cases where we considered the ground motions to be usable because liquefaction triggered 131 

late in the record. We also disregarded four recorded PGAs of the M6.2 Christchurch Earthquake identified to be 132 

affected by dilation spikes and instead used the PGAs recommended by Upadhyaya et al. (2019). Details of the non-133 

NGA ground motions used herein are provided by Pretell et al. (2024b). The data used in this study consist of (1) 134 

8,424 ground motion recordings with event and path metadata and (2) locations and site investigation data for 569 135 

sites from 46 earthquakes in the NGL database where observations of liquefaction or lack thereof were made following 136 

one or more earthquakes. Fig. 1 is an example map for the 1989 M6.9 Loma Prieta Earthquake of available recordings 137 

and the NGL (i.e., case history) sites where ground motions are to be estimated.  138 

 139 
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Fig. 1.  Map of seismic stations that recorded the 1989 M6.9 Loma Prieta Earthquake. 140 

 141 

An important site parameter is the time-averaged VS in the upper 30 m of the site (VS30) because GMMs use 142 

it to estimate site response. For seismic station locations, we used VS30 values from previously published NGA sources 143 

(Seyhan et al. 2014, Goulet et al. 2021, Ahdi et al. 2022). For NGL sites, we computed VS30 from VS measurements 144 

when available and otherwise used correlations with penetration resistance from cone penetration tests (CPTs) or 145 

standard penetration tests (SPTs). The correlations proposed by Hegazy and Mayne (2006), Andrus et al. (2007), and 146 

Robertson (2012) were used to estimate VS30 based on CPT data and were averaged with equal weight given to each 147 

model. For sites in New Zealand, the region-specific correlation by McGann et al. (2015) was used. The correlation 148 

by Brandenberg et al. (2010) was used to estimate VS30 based on SPT data. When both CPT and SPT data were 149 

available, a weighted average VS30 was computed, using weights of 2 and 1 for CPT- and SPT-based VS30 values, 150 

respectively. In addition, a weight inversely proportional to the distance from the CPT or SPT to the site location was 151 

applied. The site location was selected as the centroid of all the associated CPT and SPT locations, which is considered 152 

appropriate given the likely negligible variation in ground motion IMs within an area spanning a few tens of meters. 153 

In cases where VS profiles were available to depths exceeding 30 m, VS30 was computed directly. In cases where the 154 

VS profile extends to a depth shallower than 30 m, an extrapolation to 30 m was conducted based on Boore (2004).  155 

A minimum VS30 of 150 m/s was used to compute ground motions at case history sites with VS30 lower than 156 

150 m/s. This minimum value was used because (1) ergodic GMMs are not calibrated for values lower than around 157 

150 m/s, thus the use of values lower than 150 m/s would represent an uncontrolled extrapolation that may produce 158 

unrealistic site response estimates, and (2) recent studies demonstrate saturation effects at low VS values (e.g., Buckreis 159 

et al. 2024). Of 418 unique NGL sites in our dataset, 16% (66 sites) have a VS30 lower than 150 m/s. These sites 160 

correspond to case histories from 10 events in New Zealand (7 events), Japan (2 events), and Türkiye (1 event).  161 

Methodology 162 

The methodology for interpolating ground motion IMs at liquefaction sites consists of ordinary Kriging interpolation 163 

of within-event residuals. The following subsections describe the procedures adopted to compute within-event 164 

residuals, develop spatial correlation models, and perform Kriging interpolation.  165 
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Total residuals and event terms 166 

The total IM residuals for an earthquake event 𝑖𝑖 recorded at a seismic station 𝑗𝑗 (𝛿𝛿𝑖𝑖𝑖𝑖) were calculated as the difference 167 

between the recorded IM (𝑌𝑌𝑖𝑖𝑖𝑖), and the mean IM estimated using a GMM (𝜇𝜇𝑌𝑌�𝑖𝑖𝑖𝑖), as indicated in Eq. 2.  168 

 𝛿𝛿𝑖𝑖𝑖𝑖 = 𝑙𝑙𝑙𝑙�𝑌𝑌𝑖𝑖𝑖𝑖� − 𝑙𝑙𝑙𝑙 �𝜇𝜇𝑌𝑌� 𝑖𝑖𝑖𝑖� (2) 169 

The uncertainty associated with the GMM selected for computing 𝜇𝜇𝑌𝑌�  is addressed by using multiple GMMs, selected 170 

based on the tectonic region according to Table 2. Additional information on GMM selection is provided subsequently 171 

in this paper.  172 

Table 2. Ground motion models used for computing ground motion intensity measures. 173 

Tectonic setting Ground motion IM 1 Ground motion model 

Active Crustal PGA and PGV Abrahamson et al. (2014) 

Active Crustal PGA and PGV Boore et al. (2014) 

Active Crustal PGA and PGV Campbell and Bozorgnia (2014) 

Active Crustal PGA and PGV Chiou and Youngs (2014) 

Active Crustal IA and CAV Campbell and Bozorgnia (2019) 

Subduction PGA Abrahamson and Gülerce (2022) 

Subduction PGA and PGV Kuehn et al. (2023) 

Subduction PGA and PGV Parker et al. (2022) 
Subduction and active crustal 
earthquakes (sites in Japan)  IA and CAV Foulser-Piggott and Goda (2015) 

Stable continental PGA and PGV Goulet et al. (2021) 

Stable continental IA and CAV Farhadi and Pezeshk (2020) 

1 PGA: Peak ground acceleration, PGV: peak ground velocity, IA: Arias intensity, CAV: cumulative absolute velocity.  174 

 175 

The event term for event 𝑖𝑖 (𝜂𝜂𝐸𝐸,𝑖𝑖) was approximated as the mean total residual across seismic stations 𝑗𝑗 using 176 

Eq. 3.  177 

 𝜂𝜂𝐸𝐸,𝑖𝑖 ≈ ∑ 𝑤𝑤𝑗𝑗 ⋅ 𝛿𝛿𝑖𝑖𝑖𝑖
𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟,𝑖𝑖
𝑗𝑗=1   (3) 178 

where 𝑤𝑤 are weights computed from the station-to-station covariance matrix as discussed in the next paragraph, and 179 

𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟 is the number of recordings available for event 𝑖𝑖. Event terms computed in this manner differ from those 180 
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computed in GMMs, as GMMs derive event terms based on mixed-effects regressions (e.g., Abrahamson and Youngs 181 

1992). However, this approach has the favorable feature of being applicable to any event, not only to those included 182 

in GMM development datasets.  183 

The weights in Eq. 3 account for the spatial distribution of recording stations to obtain an unbiased estimation 184 

of the event term. For example, if two collocated stations produce identical ground motions, using both with equal 185 

weight to other motions would constitute double-counting, and would bias the event term estimation. To this end, the 186 

weights are computed considering the correlation amongst the seismic stations to prevent data redundancy. The 187 

weights are equal to the top 𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟 elements of the right-most column of the inverse of the augmented covariance matrix 188 

(C), obtained by appending a column and a row of ones (and a zero) to C, as shown in Eq. 4.  189 

 𝑤𝑤𝑗𝑗 = �� 𝑪𝑪 𝟏𝟏
𝟏𝟏𝑇𝑇 0�

−1
�
𝑗𝑗,𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟+1

 (4) 190 

where C is derived for each station-to-station pair. In essence, Eq. 4 is a simplification of the ordinary Kriging 191 

equation, with the particularity that the cross-covariance matrix between the sampled and unsampled locations is zero. 192 

The covariance matrix for the seismic stations, C, is defined based on spatial correlation models, described later. The 193 

event term does not impact the computed ground motion IMs as we remove it and add it back after Kriging, to recover 194 

the ground motion estimate at a point. However, the event term does influence the within-event residual values, and 195 

event terms used herein are always consistent with the event-specific correlation model.  196 

The uncertainty in 𝜂𝜂𝐸𝐸 is represented by a normally distributed random variable with zero mean, and standard 197 

deviation 𝜏𝜏. In forward PSHA applications, no information is available about the event term, so 𝜏𝜏 from the GMM 198 

should be used to estimate event term uncertainty. In contrast, when an event has occurred and produced ground 199 

motion recordings, the event term uncertainty is reduced but not fully eliminated because of sampling error, which 200 

decreases as 𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟 increases. The standard error of the sampling distribution for an event 𝑖𝑖 (𝜏𝜏̅𝑖𝑖) is provided by Eq. 5, 201 

where 𝜏𝜏𝑖𝑖 is the between-event standard deviation given by GMMs.  202 

 𝜏𝜏𝑖̅𝑖 = 𝜏𝜏𝑖𝑖
�𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟,𝑖𝑖

 (5) 203 
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Within-event residuals 204 

Within-event residuals for a given event 𝑖𝑖 at a seismic station 𝑗𝑗 (𝛿𝛿𝑊𝑊𝑖𝑖𝑖𝑖) are computed by subtracting the event term, 205 

using Eq. 6.  206 

 𝛿𝛿𝑊𝑊𝑖𝑖𝑖𝑖 = 𝛿𝛿𝑖𝑖𝑖𝑖 − 𝜂𝜂𝐸𝐸,𝑖𝑖 (6) 207 

The 𝛿𝛿𝑊𝑊𝑖𝑖𝑖𝑖 values were then normalized using Eq. 7 for consistency with the approach to develop correlation models 208 

by Bodenmann et al. (2023), where 𝛿𝛿𝑊𝑊�𝑖𝑖𝑖𝑖 is the normalized within-event residual, and 𝜙𝜙𝑖𝑖 is the standard deviation of 209 

𝛿𝛿𝛿𝛿 computed from the data using Eq. (6).  210 

 𝛿𝛿𝑊𝑊�𝑖𝑖𝑖𝑖 =
𝛿𝛿𝑊𝑊𝑖𝑖𝑖𝑖

𝜙𝜙𝑖𝑖
 (7) 211 

Examples of 𝛿𝛿𝛿𝛿 are presented in Fig. 2 (indicated by the color at the seismic station locations) for the 1989 M6.9 212 

Loma Prieta Earthquake, developed for PGA estimates (𝑌𝑌�𝑖𝑖𝑖𝑖) based on the Boore et al. 2014 (BSSA14) GMM. The map 213 

shows that the within-event residuals are spatially correlated, with a cluster of positive values in the central Bay Area 214 

(including the Treasure Island and Alameda Bay Farm stations indicated in Fig. 2) and clusters of negative values 215 

closer to the southern end of the fault rupture.  216 
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 217 

Fig. 2. Map of mean interpolated PGA within-event residuals for the 1989 M6.9 Loma Prieta Earthquake 218 

using the maximum a posteriori correlation model. 219 

 220 

Spatial correlation models 221 

Kriging interpolation requires a spatial correlation model describing the correlation of a random variable between the 222 

measurement and interpolation points. Some earthquakes are recorded by a dense seismic network, and a correlation 223 

model can be derived empirically from the recordings. In other cases, ground motion recordings are scarce and widely 224 

spaced, and the number of recordings is inadequate to resolve a statistically robust data-driven correlation model. We 225 

adopted the “EA” correlation model functional form developed by Bodenmann et al. (2023) in which correlation is a 226 

function of Euclidean separation distance (𝑑𝑑𝐸𝐸), and epicenter-to-site azimuth (𝑑𝑑𝐴𝐴), as defined by Eq. 8,  227 

 𝜌𝜌𝐸𝐸𝐸𝐸 = 𝑒𝑒𝑒𝑒𝑒𝑒 �−�𝑑𝑑𝐸𝐸
ℓ𝐸𝐸
�
𝛾𝛾𝐸𝐸
� ⋅ �1 + 𝑑𝑑𝐴𝐴

ℓ𝐴𝐴
� �1 − 𝑑𝑑𝐴𝐴

180°
�
180°/ℓ𝐴𝐴

 (8) 228 
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where 𝛾𝛾𝐸𝐸 is an exponent coefficient that controls the shape of the correlation function, ℓ𝐸𝐸 is the Euclidean correlation 229 

length, and ℓ𝐴𝐴 is the azimuthal correlation length. Bodenmann et al. (2023) also proposed a model for the spatial 230 

correlation due to site effects (denoted “EAS”), however, the authors indicated that site effects had only a minor 231 

influence on spatial correlation for long-oscillator period spectral accelerations.  232 

The data used in the spatial correlation analyses are identical to those used in residuals analyses, with the exception 233 

that data were only considered up to the cutoff distances in Table 3. The reason for this screen was so that the resulting 234 

models would apply for relatively near-field conditions where most liquefaction case histories are located. Similar to 235 

Bodenmann et al. (2023), we used Bayesian inference to draw 1000 samples from the posterior distributions of the 236 

model coefficients for each event. To this end, we used the PyMC Python library (Salvatier et al. 2016) and the No 237 

U-Turn Sampler to draw samples. The prior distributions for the model coefficients used by Bodenmann et al. (2023) 238 

were adopted herein and subsequently updated on an event-specific basis. Bodenmann et al. (2023) did not study PGV, 239 

IA, or CAV. However, they used the same prior distributions for spectral accelerations at oscillator periods ranging 240 

from 0.01 to 6 seconds. Similarly, we used the same prior distributions for each parameter. Though not presented here 241 

for brevity, the prior distributions by Bodenmann et al. (2023) were observed to bound the range of PGA correlation 242 

models for geologically variable, and geologically similar conditions suggested by Jayaram and Baker (2009). 243 

Samples of the model coefficients for the Loma Prieta event are presented in Fig. 3. Correlation models for well-244 

recorded events are essentially data-driven, with little influence from the prior distributions and narrow posterior 245 

distributions, whereas correlation models for poorly recorded events are influenced by the prior distributions and have 246 

broader distributions of model coefficients. Posterior distributions of the model coefficients constitute a source of 247 

epistemic uncertainty in the spatial correlation model that is incorporated into the estimates of the ground motion IMs, 248 

as described later.  249 

Table 3. Maximum distance per tectonic setting for the derivation of spatial correlation models.  250 

Tectonic setting Distance cutoff 1 

Active crustal 𝑅𝑅𝐽𝐽𝐽𝐽 < 50 km 

Subduction 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟 < 200 km 

Stable continental 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟 < 500 km 

1 𝑅𝑅𝐽𝐽𝐽𝐽: Joyner-Boore distance, 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟: rupture distance.  251 
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 252 

 253 

Fig. 3. Posterior samples of spatial correlation models of PGA within-event residuals for the 1989 M6.9 Loma 254 

Prieta Earthquake.  255 

 256 

Interpolation of ground motion intensity measure within-event residuals 257 

We interpolated within-event residuals (𝛿𝛿𝑊𝑊� ) at NGL sites using ordinary Kriging (Krige 1951). We conducted 258 

Kriging interpolation using all the available measured ground motions to obtain a mean within-event residual, 𝜇𝜇𝛿𝛿𝑊𝑊� , 259 

and its standard deviation, 𝜎𝜎𝛿𝛿𝑊𝑊� , at the locations of NGL case histories. The elements of the covariance matrix, C, 260 

between ground motion recording stations were computed using Eq. 9,  261 

 𝐶𝐶𝑚𝑚𝑚𝑚 = (𝜙𝜙2 + 𝜏𝜏̅2) ∙ 𝜌𝜌𝐸𝐸𝐸𝐸,𝑚𝑚𝑚𝑚 (9) 262 

where 𝑚𝑚 and n denote seismic station indices, 𝜙𝜙 is the standard deviation of 𝛿𝛿𝛿𝛿 defined by the GMM, 𝜏𝜏̅ is the standard 263 

deviation of the event-specific event term defined by Eq. 5, and 𝜌𝜌𝐸𝐸𝐸𝐸,𝑚𝑚𝑚𝑚 is the correlation coefficient between the 264 

seismic station and NGL locations between seismic stations m and n, computed from Eq. 8. Similarly, a cross-265 
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covariance matrix was computed between the ground motion recording stations and the interpolation locations (i.e., 266 

NGL sites).  267 

Eq. 9 reflects our belief that GMMs should reasonably constrain the variance at large separation distances. 268 

The 𝜙𝜙 and 𝜏𝜏 values were selected for a condition representative of NGL sites, i.e., M7, Joyner-Boore distance (𝑅𝑅𝐽𝐽𝐽𝐽) 269 

of 50 km for crustal active regions, rupture distance (𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟) of 100 km for subduction regions, and VS30 of 200 m/s. For 270 

the single case history in a continental region, 𝜙𝜙 and 𝜏𝜏 depend on earthquake magnitude alone and were selected for 271 

a M5 event. Tables 4 and 5 summarize the 𝜙𝜙 and 𝜏𝜏 values selected by tectonic setting.  272 
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Table 4. Within- (𝜙𝜙) and between-event (𝜏𝜏) standard deviations representative of NGL sites in different tectonic 273 

settings: Peak ground acceleration (PGA) and peak ground velocity (PGV).  274 

Tectonic setting 1 Ground motion model Abbreviation 
PGA PGV 

𝜙𝜙 𝜏𝜏 𝜙𝜙 𝜏𝜏 

Active crustal Abrahamson et al. (2014) ASK14 0.477 0.311 0.509 0.378 

Active crustal Boore et al. (2014) BSSA14 0.472 0.346 0.604 0.239 

Active crustal Campbell and Bozorgnia (2014) CB14 0.445 0.274 0.478 0.280 

Active crustal Chiou and Youngs (2014) CY14 0.451 0.224 0.444 0.231 

Subduction (interface) Abrahamson and Gülerce (2022) AG22 0.525 0.331 - - 

Subduction (intraslab) Abrahamson and Gülerce (2022) AG22 0.510 0.310 - - 

Subduction Parker et al. (2022) PSBAH22 0.465 0.480 0.411 0.477 

Subduction Kuehn et al. (2023) KBCG23 0.596 0.489 0.511 0.451 

Stable continental Goulet et al. (2021) Gea21 0.620 0.417 0.604 0.353 

1 𝜙𝜙 and 𝜏𝜏 selected for M7, 𝑅𝑅𝐽𝐽𝐽𝐽 = 50 km, and VS30 = 200 m/s (active crustal region); M7, 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟 = 100 km, and VS30 = 275 

200 m/s (subduction region), and M5 (stable continental region).  276 

 277 

Table 5. Within- (𝜙𝜙) and between-event (𝜏𝜏) standard deviations representative of NGL sites in different tectonic 278 

settings: Arias intensity (IA), and cumulative absolute velocity (CAV).  279 

Tectonic setting 1 Ground motion model Abbreviation 
IA CAV 

𝜙𝜙 𝜏𝜏 𝜙𝜙 𝜏𝜏 
Active crustal Campbell and Bozorgnia (2019) CB19 0.762 0.372 0.359 0.207 

Subduction Foulser-Piggott and Goda (2015) FPG15 1.035 0.901 0.490 0.411 

Stable continental Farhadi and Pezeshk (2020) FP20 1.270 0.820 0.610 0.410 

1 𝜙𝜙 and 𝜏𝜏 selected for M7, 𝑅𝑅𝐽𝐽𝐽𝐽 = 50 km, and VS30 = 200 m/s (active crustal region); M7, 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟 = 100 km, and VS30 = 280 

200 m/s (subduction region), and M5 (stable continental region).   281 

 282 

Calculation of means and uncertainties of ground motion intensity measures  283 

The mean value for a ground motion IM (𝜇𝜇𝑌𝑌�) for earthquake event 𝑖𝑖 at a NGL site 𝑗𝑗 calculated using a spatial 284 

correlation model 𝑘𝑘 developed based on a GMM ℓ can be defined in Eq. 10:  285 
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 𝜇𝜇𝑌𝑌� ,𝑖𝑖𝑖𝑖𝑖𝑖ℓ = 𝜇𝜇𝑌𝑌� ,𝑖𝑖𝑖𝑖ℓ + 𝜂𝜂𝐸𝐸,𝑖𝑖ℓ + 𝜇𝜇𝛿𝛿𝑊𝑊� ,𝑖𝑖𝑖𝑖𝑖𝑖ℓ (10) 286 

Eq. 10 represents the basic elements of the proposed approach, which is that the mean ground motion IM estimate 𝜇𝜇𝑌𝑌�  287 

(in natural logarithmic units) is the sum of the mean GMM prediction (𝜇𝜇𝑌𝑌�), the event term 𝜂𝜂𝐸𝐸, and the location-specific 288 

estimate of the mean within-event residual 𝜇𝜇𝛿𝛿𝑊𝑊�  from Kriging interpolation. In the absence of ground motion 289 

measurements, which is the case for some older earthquakes, no Kriging interpolation was conducted, and Eq. 10 290 

reduces to 𝜇𝜇𝑌𝑌� ,𝑖𝑖𝑖𝑖ℓ = 𝜇𝜇𝑌𝑌� ,𝑖𝑖𝑖𝑖ℓ. This reduced version of Eq. 10 is used for 79 NGL sites from 14 events, which represent 291 

14% of the NGL case histories. Case histories with ground motion measurements at a distance large enough that the 292 

spatial correlation 𝜌𝜌𝐸𝐸𝐸𝐸 is essentially zero, have a value for 𝜂𝜂𝐸𝐸 that can be used in Eq. 10, but 𝜇𝜇𝛿𝛿𝑊𝑊�  will be nearly zero.  293 

In our approach, we considered the uncertainty associated with the selection of a given GMM and spatial 294 

correlation model based on relationships developed by Brandenberg and Pretell (2024). Accounting for these sources 295 

of uncertainty, the ground motion IM for an event 𝑖𝑖 at a site 𝑗𝑗 was calculated using Eq. 11.  296 

 𝜇𝜇𝑌𝑌� ,𝑖𝑖𝑖𝑖 = ∑ 𝑤𝑤ℓ
𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺
ℓ=1 ⋅ 𝜇𝜇𝑌𝑌� ,𝑖𝑖𝑖𝑖ℓ + ∑ 𝑤𝑤ℓ

𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺
ℓ=1 ⋅ 𝜂𝜂𝐸𝐸,𝑖𝑖ℓ + ∑ ∑ 𝑤𝑤ℓ ⋅ 𝑤𝑤𝑘𝑘

𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑘𝑘=1 ⋅ 𝜇𝜇𝛿𝛿𝑊𝑊� ,𝑖𝑖𝑖𝑖𝑖𝑖ℓ

𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺
ℓ=1  (11) 297 

where 𝑤𝑤ℓ and 𝑤𝑤𝑘𝑘 are the weights assigned to particular GMMs and spatial correlation models, respectively, 𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺 is 298 

the number of GMMs considered for a given case history according to Table 2, and 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠is the number of spatial 299 

correlation models (taken as 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1000). The variance was calculated using Eq. 12.  300 

𝜎𝜎𝑌𝑌� ,𝑖𝑖𝑖𝑖
2 = ∑ ∑ 𝑤𝑤ℓ ⋅ 𝑤𝑤𝑘𝑘

𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑘𝑘=1 ⋅ 𝜎𝜎𝛿𝛿𝑊𝑊� ,𝑖𝑖𝑖𝑖𝑖𝑖ℓ

2𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺
ℓ=1 + ∑ ∑ 𝑤𝑤ℓ ⋅ 𝑤𝑤𝑘𝑘

𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑘𝑘=1 ⋅ �𝜇𝜇𝛿𝛿𝑊𝑊� ,𝑖𝑖𝑖𝑖𝑖𝑖ℓ

2 − 𝜇𝜇𝛿𝛿𝑊𝑊� ,𝑖𝑖𝑖𝑖ℓ
2 �𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺

ℓ=1 + ∑ 𝑤𝑤ℓ
𝑁𝑁𝐺𝐺𝐺𝐺𝐺𝐺
ℓ=1 ⋅ �𝜇𝜇𝑌𝑌� ,𝑖𝑖𝑖𝑖ℓ

2 − 𝜇𝜇𝑌𝑌� ,𝑖𝑖𝑖𝑖
2 � (12) 301 

where 𝜎𝜎𝛿𝛿𝑊𝑊� ,𝑖𝑖𝑖𝑖𝑖𝑖ℓ is the standard deviation computed from Kriging interpolation for event 𝑖𝑖 and site 𝑗𝑗 using a spatial 302 

correlation model 𝑘𝑘, developed based on a GMM ℓ. The remaining two mean terms in Eq. 12 are defined in Eqs. 13 303 

and 14.  304 

 𝜇𝜇𝛿𝛿𝑊𝑊� ,𝑖𝑖𝑖𝑖ℓ = ∑ 𝑤𝑤𝑘𝑘
𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑘𝑘=1 ⋅ 𝜇𝜇𝛿𝛿𝑊𝑊� ,𝑖𝑖𝑖𝑖𝑖𝑖ℓ (13) 305 

 𝜇𝜇𝑌𝑌� ,𝑖𝑖𝑖𝑖ℓ = 𝜇𝜇𝑌𝑌� ,𝑖𝑖𝑖𝑖ℓ + 𝜂𝜂𝐸𝐸,𝑖𝑖ℓ + 𝜇𝜇𝛿𝛿𝑊𝑊� ,𝑖𝑖𝑖𝑖ℓ (14) 306 

The term 𝜇𝜇𝛿𝛿𝑊𝑊� ,𝑖𝑖𝑖𝑖ℓ is the weighted average within-event residual estimated from all the spatial correlation models and 307 

a given GMM ℓ, and 𝜇𝜇𝑌𝑌� ,𝑖𝑖𝑖𝑖ℓ is the corresponding mean ground motion IM, calculated considering all the spatial 308 

correlation models and a given GMM ℓ. The weights 𝑤𝑤𝑘𝑘 and 𝑤𝑤ℓ in Eqs. 10 to 14 reflect our judgment regarding the 309 

accuracy of the spatial correlation model realizations, and the GMMs. For the spatial correlation models, we used 310 
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1000 realizations with equal weight, 𝑤𝑤𝑘𝑘 = 1/1000. The weights for the GMMs, 𝑤𝑤ℓ, were selected in consideration of 311 

their nonlinear site response terms for low VS30, which is a crucial model component for this application (Pretell et al. 312 

2024b). ASK14 and CB14 used results of ground response simulations (Kamai et al. 2014) with relatively generic 313 

modulus reduction and damping curves to constrain their nonlinear models, whereas BSSA14 and CY14 considered 314 

both those same simulations and trends from interpreted ground motion data. We preferred models with data 315 

constraints of the nonlinear site response and therefore adopted 𝑤𝑤ℓ values of 1/6, 1/6, 1/3, and 1/3 for ASK14, CB14, 316 

BSSA14, and CY14, respectively. As with the NGA-West2 GMMs, the NGA-Sub GMMs have nonlinear site response 317 

models derived using different methods. AG22 and KBCG23 use nonlinear site response models derived from 318 

equivalent-linear simulations (Walling et al. 2008), whereas PSBAH22 use a nonlinear model from Parker and Stewart 319 

(2022) that is derived from a combination of simulations (Kamai et al. 2014) and analysis of data from subduction 320 

events. We assign 𝑤𝑤ℓ values of 1/3, 1/6, and 1/2 to the AG22, KBCG23, and PSBAH22 GMMs, respectively. 321 

Each of the terms on the right side of Eq. 12 represents different sources of uncertainty in the interpolated 322 

ground motion IMs and are quantified as variances. The first term in Eq. 12 represents the uncertainty in the mean 323 

ground motion IM given by (1) the Kriging interpolation error for the NGL site location, (2) the standard error in the 324 

event term due to sampling error (𝜏𝜏̅), and (3) the within-event standard deviation given by GMMs (𝜙𝜙). The Kriging 325 

interpolation error has a maximum value of �𝜙𝜙2 + 𝜏𝜏̅2 when 𝜌𝜌𝐸𝐸𝐸𝐸 = 0 (i.e., when 𝑑𝑑𝐸𝐸 and 𝑑𝑑𝐴𝐴 or both are large), and 326 

decreases as the Euclidean and azimuthal distances between the NGL site and the nearest seismic station decrease. 327 

The second term in Eq. 12 represents the uncertainty associated with the interpolated mean of within-event residuals 328 

given by the different spatial correlation model coefficients computed for each of the considered GMMs (Table 2). 329 

The third term in Eq. 12 represents uncertainties in mean interpolated ground motion IMs from different GMMs.  330 

Fig. 4 presents the values for the three terms in Eq. 12 for all case history PGAs computed using Kriging 331 

interpolation. The values are sorted by earthquake year from left to right, and for each year, increasing total 332 

uncertainty. Three values are provided for each case history corresponding to the first, second, and third terms in Eq. 333 

12. The first term contributes most strongly to the total uncertainty in our estimated ground motion IMs. There is a 334 

general trend of decreasing first- and second-term uncertainties with time, which is due to the increased numbers of 335 

available earthquake recordings in more recent events. A larger number of recordings leads to (1) shorter average 336 

separation distances between NGL and ground motion measurement sites, (2) lower event term standard errors, and 337 
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(3) narrower distributions for the spatial correlation model coefficients. Factors (1) and (2) reduce first-term 338 

uncertainties, while factor (3) reduces second-term uncertainties.  339 

 340 

Fig. 4. Values for each of the three uncertainty components associated with interpolated PGAs at NGL case 341 

history sites, as defined by the three terms in Equation 12.   342 

 343 

Fig. 4 highlights uncertainties associated with NGL sites for the 1989 Loma Prieta and the 1999 Chi-Chi 344 

Earthquakes. The first term in Eq. 12 ranges from 0.25 to 0.44 natural logarithmic units for Loma Prieta NGL sites 345 

and from 0.31 to 0.35 natural logarithmic units for Chi-Chi NGL sites. The relatively large range for Loma Prieta sites 346 

as compared to Chi-Chi is due to wider ranges of site-to-station Euclidean distances, which are 0.2 to 15.4 km for 347 

Loma Prieta, and from 0.35 to 3.2 km for Chi-Chi. Both first- and second-term uncertainties are generally lower for 348 

Chi-Chi than for Loma Prieta sites because of the differences in available recordings (161 vs. 36, respectively). Third 349 

term uncertainties are comparable for the two events.  350 

The uncertainty associated with alternate GMMs was not evaluated for the single eastern U.S. case history, 351 

nor for IA or CAV for all NGL sites. For stable continental regions, the NGA-East Gea21 reference rock GMM was 352 

used with the linear site response model for PGA and PGV by Stewart et al. (2020), the nonlinear site response model 353 

by Hashash et al. (2020), and the bias adjustment factor by Ramos-Sepúlveda et al. (2024). For IA and CAV, the GMM 354 

by Farhadi and Pezeshk (2020) was used for this single site. Lastly, for active tectonic regions, the GMM by Campbell 355 

and Bozorgnia (2019) was used for IA and CAV, whereas for subduction regions and earthquakes in Japan (all event 356 
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types), the GMM by Foulser-Piggott and Goda (2015) was used for IA and CAV. Because a single model was used in 357 

these cases, the uncertainty associated with GMM selection was not evaluated.  358 

Though not presented here for brevity, Pretell et al. (2024) conducted a leave-one-out cross-validation for 359 

three events and showed that the results are unbiased. The values predicted at recorded locations (without considering 360 

that recording) compared reasonably well to the recorded values, with a larger discrepancy when the correlation to the 361 

nearest station was low or near zero.  362 

Comparisons of PGA estimates at NGL sites  363 

The newly computed PGAs are compared to those from previous studies (e.g., Moss 2003, Boulanger and Idriss 2014, 364 

Cetin et al. 2018) to assess the influence of the proposed methodology on IMs at legacy case history sites. Fig. 5 365 

compares PGAs for NGL sites from the 1989 M6.9 Loma Prieta Earthquake. Each data point corresponds to 𝜇𝜇𝑌𝑌� ,𝑖𝑖𝑖𝑖 in 366 

Eq. 11 (arithmetic units) and is shown with ±𝜎𝜎𝑌𝑌� ,𝑖𝑖𝑖𝑖 (Eq. 12) in the horizontal direction for the interpolated IMs. For 367 

cases where standard deviations of legacy estimates are available, bars are also presented in the vertical direction. In 368 

Fig. 5, the RotD50 component (Boore 2010) is considered for the newly estimated PGAs whereas the geometric mean 369 

was generally used for legacy PGAs. The markers in Fig. 5 indicate the different methods used in estimating the legacy 370 

PGAs, which are listed in Table 1.  371 
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 372 

Fig. 5. Legacy versus newly estimated PGAs for NGL case history sites of the 1989 M6.9 Loma Prieta 373 

Earthquake. 374 

 375 

The legacy PGAs for the Loma Prieta case history sites in Fig. 5 were based on four methods: Collocated 376 

recording (Method 1), 1D ground response analysis (Method 4), ground motions recorded at the nearest seismic station 377 

(Method 5), and GMMs (Method 6). Overall, the newly estimated and legacy PGAs for Loma Prieta are effectively 378 

unbiased as a population (mean difference in natural logarithmic units of -0.05) and are within a factor of 1.5 of each 379 

other, as indicated by the dashed lines in Fig. 5. A few key observations for the Loma Prieta case histories are discussed 380 

below.  381 

The legacy PGAs based on collocated recordings (Method 1) correspond to the Treasure Island and Alameda 382 

Naval Air Station NGL sites. The newly estimated and legacy PGAs for Treasure Island are nearly the same, although 383 
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with a relatively wide range along the horizontal axis (Fig. 5). The closest station was considered as “collocated” in 384 

legacy studies, however the distance to the liquefaction site is 200 m, where the PGA spatial correlation has dropped 385 

below 1.0 (Fig. 3d and 3e), and the Kriging standard deviation has increased from null (at zero distance) to 0.25 natural 386 

logarithmic units. The same explanation applies to the Alameda Naval Air Station site, whose PGA was informed by 387 

a station with similar VS30 located 0.5 km away, thus with a low correlation, but was judged to be collocated in past 388 

studies. The legacy PGAs based on ground response analysis (Method 4) are relatively close to the 1:1 line, although 389 

a few sites located in the Bay Area have newly estimated PGAs between 0.13 to 0.15g, which are lower than their 390 

legacy counterparts.  391 

Legacy PGAs based on the nearest seismic stations (Method 5) were derived for eight cases, seven of which 392 

are sites in the Moss Landing area (indicated by the dotted oval Fig. 5). Past studies adopted a PGA of 0.28g for the 393 

Moss Landing sites based on a ground motion recording at the Salinas – John & Work seismic station, located about 394 

20 km southeast of the sites, and adjusted using the Boore et al. (1993) GMM to account for differences in path and 395 

site effects. Our estimates are slightly lower, with PGAs ranging from 0.22 to 0.24g. The remaining site is the Alameda 396 

Bay Farm Island, whose legacy PGA was assigned as 0.24g based on the ground motion recorded at the Alameda 397 

Naval Air Station, located 7 km north of this site (Fig. 2). The Alameda Farm Island site is located approximately at 398 

a 𝑅𝑅𝐽𝐽𝐽𝐽 distance of 65 km, in a zone of overall underprediction by BSSA14 (Fig. 2). The relatively large distance from 399 

the fault leads to GMM-based estimates of 0.08g to 0.09g, which is increased to 0.14 to 0.16g when accounting for 400 

the interpolated within-event residuals and the event terms. At this site, the mean PGA resulting from Eq. 10 is 401 

approximately 0.15g.  402 

Larger discrepancies are observed between our PGAs and legacy values from GMMs (Method 6), with a 403 

tendency for legacy PGAs to be lower. The NGL sites Kett, Silliman, Radovich, and Marinovich are located near the 404 

southern end of the fault (Fig. 2) and exhibit the most significant discrepancy (lying near the 1.5:1 line in Fig. 5). Their 405 

legacy PGAs were estimated by Toprak et al. (1999) who used a version of the Boore et al. (1993) GMM, that was 406 

adjusted to align with the recordings at the Watsonville and the Salinas – John & Work seismic stations. The 407 

discrepancies between Toprak et al. (1999)’s estimates and our PGAs are likely due to different treatment of site 408 

response in the GMMs. The Boore et al. (1993) GMM used site class as a predictor variable instead of VS30 and did 409 

not consider nonlinear site response effects, whereas Boore et al. (2014) used VS30 and includes a nonlinear site term. 410 

The net effect in these cases is ground motion increase.  411 
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Fig. 6 compares the legacy and newly estimated PGAs for all NGL sites as of this writing, differentiated by 412 

the method used for the legacy PGAs (Table 1). The reasons behind the discrepancies between legacy and newly 413 

estimated PGAs depend on specific aspects of the NGL sites, such as the ground motion data or site characterization 414 

used for the PGA estimation, the GMMs available, and judgment applied by the analysts in the legacy studies. We 415 

describe here the four most common reasons for the discrepancies. Pretell et al. (2024b) present a more detailed 416 

description by method, with a specific explanation for sites showing a legacy versus newly computed PGA discrepancy 417 

beyond a factor of 2.  418 

 419 

Fig. 6. Legacy versus newly estimated PGAs for all NGL case history sites. 420 
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 421 

Reason 1: Ground motion recordings excluded due to liquefaction effects. Our computed ground motion IMs are 422 

intended for use in liquefaction triggering model development, which requires that ground motions be unaffected by 423 

porewater pressure increase or the onset of liquefaction (e.g., Youd et al. 2001). Therefore, we removed recordings 424 

identified as being affected by liquefaction by Özener et al. (2020), except for the Treasure Island and the Alameda 425 

Naval Air Station recordings (1989 Loma Prieta), and the Kushiro Port recording (1993 M7.6 Kushiro-Oki Hokkaido 426 

Earthquake), as liquefaction triggered late in these recordings, and did not affect PGA. Removing these recordings led 427 

to PGA discrepancies for case histories whose legacy PGAs were based on a collocated recordings (Method 1). An 428 

example is the Onahama Port site from the 2011 M9.1 Tohoku-Oki Earthquake (Fig. 6). For this site, the recorded 429 

ground motions exhibited dilation spikes that led to PGA being significantly higher than expected if liquefaction had 430 

not occurred. Other affected sites are the Higashi-Kobe bridge, Port Island, and Kobe JI-S, from the 1995 M6.9 Kobe 431 

Earthquake, and several sites from the 1964 M7.6 Niigata Earthquake (Fig. 6).  432 

Reason 2: Distance between measurement location and NGL site. Legacy PGAs were often taken from the closest 433 

seismic station (Method 5), even if such stations were located several kilometers away. The discrepancies between 434 

the legacy and newly estimated PGAs are due to differences in path and site effects between the NGL site and seismic 435 

station. Reason 2 focuses on path differences whil Reason 3 focuses on the effects of different site conditions. Legacy 436 

PGAs estimated using Method 5 often plot as a horizontal series of points in Fig. 6, corresponding to various NGL 437 

sites that had been assigned the same legacy PGA. Examples of such cases include various sites in Yuanlin (Taiwan) 438 

that were assigned a PGA of 0.18g, based on the recordings from the TCU-110 seismic station during the 1999 M7.6 439 

Chi-Chi Earthquake. The 𝑅𝑅𝐽𝐽𝐽𝐽 distance for the Yuanlin sites ranges from 8 to 12.5 km, whereas the seismic station is 440 

located at a 𝑅𝑅𝐽𝐽𝐽𝐽 of 11.6 km. Our results indicate that the ground motion recorded at the TCU-110 station 441 

underestimated the PGAs at some liquefaction sites, which have now been assigned PGAs between 0.16 and 0.2g. In 442 

these cases, the site conditions are similar so the PGA differences mainly arise due to different paths.  443 

Reason 3: Inconsistencies in site conditions. Differences between VS30 values for NGL sites and recording sites 444 

constitute the third reason for discrepancies. The differences in VS30 can be significant, particularly for strongly shaken 445 

soft sites, where nonlinear effects are appreciable. Two main groups are identified. First, legacy PGAs based on the 446 

nearest seismic station (Method 5) were often assigned to liquefaction sites despite significant differences in VS30. 447 
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Examples include the Nantou sites from the 1999 M7.6 Chi-Chi Earthquake, which are located on young alluvial 448 

deposits with VS30 values between 190 and 290 m/s (Chu et al. 2004) and were assigned a PGA of 0.38g based on the 449 

TCU-076 station (Fig. 6). This station is located within 3 km of all NGL sites but has VS30 = 570 m/s. Second, multiple 450 

NGL sites in New Zealand were assigned PGAs computed from an interpolation approach similar to that applied 451 

herein (Method 2), but were derived from the Bradley (2013) GMM and the spatial correlation model by Goda and 452 

Hong (2008). The legacy PGAs for these sites were read off PGA maps (B. Bradley, personal communication, 2024) 453 

prepared for a uniform VS30 by Bradley and Hughes (2012) and Bradley (2014). In contrast, our PGA valus are based 454 

on site-specific VS30 based on site investigation data. These differences produce relatively small PGA discrepancies 455 

for various NGL sites in Christchurch from the 2010 M7.0 Darfield Earthquake, the 2011 M6.2 Christchurch 456 

Earthquake (02/21) and its 2011 M5.0 aftershock, the 2011 M6.0 Christchurch Earthquake (06/13), and 2011 M5.9 457 

Lyttelton Earthquake.  458 

Reason 4: Legacy estimates based on judgement. The causes of discrepancies observed between legacy PGAs and 459 

newly estimated PGAs are not well understood when judgment was employed in the legacy PGA estimation (Method 460 

7 in Table 1) as such judgment was generally not documented and therefore cannot be replicated. Examples include 461 

the discrepancies observed for four NGL sites located in Sendai (Fig. 6) with observations from the 1978 M 6.5 462 

Miyagiken-Oki Earthquake.  463 

Impact on liquefaction triggering curves 464 

In this section, we investigate how the updated PGAs impact the position of the “liquefaction” and “no liquefaction” 465 

cases in penetration resistance versus cyclic stress demand space. We use the liquefaction case histories by Idriss and 466 

Boulanger (2010) and Boulanger and Idriss (2012) that used SPT, hereafter referred to as IB10, and the case histories 467 

by Boulanger and Idriss (2014, 2016) that used CPT, hereafter referred to as BI14. Not all of the case histories 468 

considered by IB10 and BI14 are currently in the NGL database, as explained by Pretell et al. (2024b). Fig. 7 shows 469 

(𝑁𝑁1)60𝑐𝑐𝑐𝑐 and 𝑞𝑞𝑐𝑐1𝑁𝑁𝑁𝑁𝑁𝑁 versus 𝐶𝐶𝐶𝐶𝑅𝑅𝑀𝑀=7.5,𝜎𝜎𝑣𝑣′=1 (Eq. 1) for the IB10 SPT dataset (Fig. 7a), the BI14 CPT dataset (Fig. 7c), 470 

and those estimated in this study (Figs. 7b and 7d). The only causes of differences in 𝐶𝐶𝐶𝐶𝑅𝑅𝑀𝑀=7.5,𝜎𝜎𝑣𝑣′=1 between legacy 471 

values and this study are their PGAs.  472 
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 473 

Fig. 7. Separability of liquefaction and no liquefaction cases given by Idriss and Boulanger (2010) (top row, 474 

left column) and Boulanger and Idriss (2014) (bottom row, left column), versus this study (right 475 

column): (a) and (b) show the corrected cyclic stress ratio (𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀=7.5,𝜎𝜎𝑣𝑣′=1) versus corrected standard 476 

penetration test blow counts (𝑁𝑁1)60𝑐𝑐𝑐𝑐, and (c) and (d) show the 𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀=7.5,𝜎𝜎𝑣𝑣′=1 versus corrected cone 477 

penetration test tip resistance (𝑞𝑞𝑐𝑐1𝑁𝑁𝑁𝑁𝑁𝑁).  478 

 479 

Fig. 7 shows that the 𝐶𝐶𝐶𝐶𝑅𝑅𝑀𝑀=7.5,𝜎𝜎𝑣𝑣′=1 values from this study are shifted compared to the values of IB10 and 480 

BI14. Although there is significant overlap of the “yes” and “no” liquefaction points in both datasets, the degree of 481 

overlap is greater using our PGAs. The SPT dataset by IB10 yields five “liquefaction” cases that plot below the 482 

liquefaction triggering model (false negatives), and 20 “no liquefaction” cases above the model (false positives), while 483 

our estimates yield 18 false negatives and 23 false positives. Meanwhile, the CPT dataset by BI14 yields five false 484 

negatives and 31 false positives, while our estimates yield 12 false negatives, and 29 false positives. The IB10 and 485 

BI14 liquefaction triggering models were not developed based on our PGAs, and thus a higher number of false 486 
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negatives is expected. However, we report these counts to quantify the impact of our PGAs on existing liquefaction 487 

triggering models. If the increase in overlap of data given by our PGAs were to be considered in model development, 488 

larger uncertainties in the positions of liquefaction triggering curves would likely be identified.  489 

Another observation in Fig. 7 is that our 𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀=7.5,𝜎𝜎𝑣𝑣′=1 values are generally higher than those in the IB10 490 

dataset, and lower than those in the BI14 dataset. The increase of 𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀=7.5,𝜎𝜎𝑣𝑣′=1 in the SPT dataset and decrease in 491 

the CPT dataset reflect the particular conditions that are present; they are not a consequence of different underlying 492 

approaches (the same approach was applied to both the SPT and CPT datasets).  493 

The PGA and other ground motion IMs considered in this study are presented in Fig. 8 for the CPT dataset. 494 

The observed overlap of the “yes” and “no” liquefaction data points is greater for all four intensity measures than 495 

indicated in Fig. 7 for 𝐶𝐶𝐶𝐶𝑅𝑅𝑀𝑀=7.5,𝜎𝜎𝑣𝑣′=1. This is expected given that important features of behavior are missing when 496 

PGA or other ground motion IMs are used on their own without earthquake magnitude or depth corrections. 497 

Comparatively, PGA and PGV render slightly less overlap than IA and CAV. It is difficult to draw conclusions from 498 

these results regarding the efficiency of these IMs because we did not account for depth-variations, 𝜎𝜎𝑣𝑣 and 𝜎𝜎𝑣𝑣′, or 499 

earthquake magnitude scaling. Accounting for such factors may improve separability between the “yes” and “no” 500 

points in these alternate IM datasets.  501 
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 502 

Fig. 8. Separability of liquefaction and no liquefaction cases in the seismic demand versus corrected tip 503 

resistance (𝑞𝑞𝑐𝑐1𝑁𝑁𝑁𝑁𝑁𝑁) space. Ground motion intensity measures computed in this study for the Boulanger 504 

and Idriss (2014) case history sites: (a) Peak ground acceleration (PGA), (b) peak ground velocity 505 

(PGV), (c) Arias intensity (IA), and (d) cumulative absolute velocity (CAV).  506 

 507 

Conclusions 508 

We computed ground motion intensity measures (IMs) at 569 Next Generation Liquefaction (NGL) case history sites. 509 

We adopted a framework from previous studies that overcomes various problems and inconsistencies associated with 510 

the methods used to estimate some legacy ground motion IMs at liquefaction case history sites. For events with ground 511 

motion recordings, our framework computes ground motion IMs at liquefaction sites based on ordinary Kriging and 512 

event-specific spatial correlation models developed using a Bayesian approach. This framework captures different 513 

sources of uncertainty including: (1) Kriging interpolation error associated with the event-specific spatial distribution 514 

of ground motion recordings and separation distances between NGL sites and measurement locations, (2) the event 515 

term standard error (i.e., sampling error), and (3) the within-event standard deviation from ground motion models. For 516 
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most NGL sites, we find that the first of these contributors controls the uncertainty in the ground motion IMs. We 517 

computed peak ground acceleration (PGA), peak ground velocity (PGV), Arias intensity (IA), and cumulative absolute 518 

velocity (CAV) at 569 case history sites in the NGL database.  519 

The differences between the new and legacy PGAs are small for the overall population of NGL sites (mean 520 

discrepancy of -0.034 natural logarithmic units, indicating that the new PGAs are 3.3% smaller), but significant 521 

differences occur for individual sites, with the spread of the PGA ratios being 0.5 to 2. The reasons for these differences 522 

can be grouped into four broad categories:  523 

1. The removal of ground motion recordings affected by liquefaction effects from seismic stations collocated 524 

to liquefaction sites 525 

2. Differences in path effects between liquefaction sites and the closest seismic station that were often 526 

unaccounted for in legacy studies 527 

3. Differences in site conditions (i.e., different time-average shear wave velocity in the upper 30 m, VS30, values) 528 

between liquefaction sites and ground motion recording sites; such differences were encountered for legacy 529 

sites where PGA was assigned based on the closest seismic station or PGA maps developed for a constant 530 

VS30  531 

4. Reasons that are not well understood when legacy PGAs were estimated using judgment, the basis of which 532 

was not well-documented  533 

We also investigated how well the new IMs separate data points for the Idriss and Boulanger (2010) and 534 

Boulanger and Idriss (2014) standard and cone penetration test datasets, respectively. The 𝐶𝐶𝐶𝐶𝑅𝑅𝑀𝑀=7.5,𝜎𝜎𝑣𝑣′=1 values 535 

computed based on our PGAs render a slightly less clear separation of the cases of liquefaction and no liquefaction 536 

compared to the PGAs used by Idriss and Boulanger (2010) and Boulanger and Idriss (2014). The increased overlap 537 

of the data using the proposed ground motions would increase model uncertainty if it were considered in model 538 

development.  539 

In addition to PGA, we estimated PGV, IA, and CAV to facilitate future liquefaction triggering model 540 

development. However, several correction factors are required for their application, which is not addressed herein. As 541 

shown in Eq. 1, existing liquefaction triggering models use the PGA at ground surface, accompanied by a shear stress 542 

reduction factor (𝑟𝑟𝑑𝑑) to account for the fact that the soil is a deformable body. Furthermore, correction factors to adjust 543 
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CSR or CRR to a standard M = 7.5 (magnitude scaling factor, MSF), and an overburden correction factor to a vertical 544 

effective stress of 1 atm (𝐾𝐾𝜎𝜎) are also required for some of these ground motion IMs. Future studies should focus on 545 

developing these correction factors for IMs other than PGA.  546 

Data availability statement 547 
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repository at https://www.designsafe-ci.org (Pretell et al. 2023). The legacy and newly estimated ground motion IMs 551 

are accessible at the Next Generation Liquefaction (NGL) database (Brandenberg et al. 2020, Ulmer et al. 2023). The 552 

codes developed as part of this study are accessible via GitHub at https://github.com/RPretellD (Pretell 2025, 2026a, 553 

and 2026b). The GMM calculations were conducted using the Python-based implementations by Kottke et al. (2023), 554 
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