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ABSTRACT 
 
The shear-wave velocity profile database was augmented with 259 profiles from 205 unique sites 
in Utah to facilitate the assignment of site parameters for 95 ground motion recording sites in this 
region as part of the NGA-West3 project. Three profiles were paired with Utah ground motion 
stations but 92 other stations lack a co-located profile. A proxy-based model to predict the time-
averaged velocity in the upper 30 m of the site (VS30) was developed that considers surface geology 
and surface gradient for Quaternary units in Utah. The Quaternary surface geologic units 
considered are Holocene alluvium (Ha), fill (Hf), Pleistocene or undifferentiated Quaternary 
alluvium (Pa/Qal), alluvium/deltaic (Pad), deltaic (Pd), deltaic-lacustrine or lacustrine (Pdl/Pl), 
glacial (Pg), undifferentiated Quaternary alluvium - deltaic - eolian (Qa/Qdel/Qe), undifferentiated 
Quaternary alluvium/deltatic/lacustrine and Holocene deltaic/lacustrine (Qalm/Qdl/Hdl), and 
lacustrine (Ql). For each unit, VS30-dependence on surface gradient, computed from a digital 
elevation model with 30 arc-sec resolution, was evaluated and gradient dependencies were 
identified for 5 of the 11 quaternary units (generally those of Holocene age). The available profile 
data did not allow the development of models for rock sites, for which VS30 was estimated using 
geology-based models developed for other regions. 
 
INTRODUCTION 
 
Shear-wave velocity (VS) measures how fast shear waves travel through the Earth. It is also related 
to the shear modulus of soil as, 
 

𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜌𝜌𝑉𝑉𝑆𝑆2 (1) 
 
where 𝜌𝜌 is the soil mass density. VS is a useful site characterization parameter because the speed 
at which the waves propagate is dependent on the material it passes through. This parameter is 
commonly used in geotechnical earthquake applications, including for the derivation of a stress-
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strain backbone curve (this initial modulus is Gmax) and ground response analyses in which the 
nature of ground motion change through a profile is dependent on changes in VS with depth. 
 Shear wave velocity is also used when no ground response analyses are to be performed 
but semi-empirical ground motion models (GMMs) are to be applied. The primary parameters used 
to represent site condition is the time-averaged velocity in the upper 30 m of the site, VS30. The 
VS30 parameter is computed from the VS profile as the ratio of 30 m to the shear wave travel time 
from the ground surface to a depth of 30 m. 
 Typical protocols for VS30 assignments (Ahdi et al. 2022) are to use a profile at the 
instrument site where available. Such estimates carry low uncertainty (typically taken as 0.1 
natural log standard deviation; Seyhan et al. 2014). For sites without a measured VS profile, VS30 is 
estimated using proxy relationships. Such proxy relationships are most useful when they are 
developed using data from the target region. Relations of this type are available for several regions 
in the US including California (Wills et al. 2015), central and eastern North America (Parker et al. 
2017), and the Pacific Northwest / Cascadia (Ahdi et al. 2017). It is important to develop region-
specific models due to regional differences in velocity structure. 
 Utah is a region of interest due to its high seismic hazard and risk, and consequently, ground 
motions from Utah are being incorporated in the NGA-West3 database (Buckreis and Stewart 
2025). However, no information on site conditions was available in previously NGA databases nor 
in the shear wave velocity profile database (VSPDB, https://vspdb.org). Using newly acquired VS 
profiles located in Utah, a regional VS30 proxy model based on slope, geology, and VS30 was 
developed to provide VS30 estimates for ground motion stations. Additional details related to the 
work presented in this paper are provided in Choi (2024).  
 
SHEAR-WAVE VELOCITY DATA IN UTAH REGION 
 
A total of 259 profiles were added to the United States Shear-Wave velocity profile database 
(VSPDB, https://vspdb.org). Most of the velocity data comes from Utah Geological Survey’s 
(UGS) shear-wave-velocity database (Stephenson et al. 2007), which contains information from a 
combination of professional engineering reports for projects and research reports. This database 
contains a total of 253 VS profiles, which come from 203 distinct sites. Data was also obtained for 
four additional sites from Wong et al. (2024) and two profiles developed at or near ground motion 
stations (Cox 2023, Jackson 2024). The velocity data was obtained through multiple measurement 
methods consisting of downhole, seismic cone penetration testing (SCPT), and surface wave 
dispersion (including SASW). The available data are mainly from sites located in and near Salt 
Lake City including the Utah Lake and Great Salt Lake regions.   

VS30 for each profile was calculated based on available data from the profile based on one 
of the following conditions: 

(1) Computed from a deep profile (maximum depth ≥ 30m) 
(2) Extrapolated from a shallow VS profile (maximum depth < 30m) using Dai et al. (2013) 

model with California-based region-specific coefficients from Kwak et al. (2017) 
In some cases, profiles could not be used. This occurred when a profile has insufficient data (e.g., 
shallowest depth > 5m, deepest depth < 30m) or if no VS data is available (Vp measurement only) 

For profiles with condition (1), VS30 was computed using the following equation: 
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𝑉𝑉𝑆𝑆30 =
30𝑚𝑚

∫ 1
𝑉𝑉𝑆𝑆

 𝑑𝑑𝑑𝑑30𝑚𝑚
0

 (2) 

 
Where 𝑉𝑉𝑆𝑆 is the layer’s velocity. For condition (2), a correlation model proposed by Dai et al. 
(2013) is used to estimate VS30, 

 

𝑉𝑉𝑆𝑆30 =
30𝑚𝑚

�𝑡𝑡𝑡𝑡𝑧𝑧 + 30𝑚𝑚 − 𝑧𝑧
𝑉𝑉𝑆𝑆𝑆𝑆30

�
 (3) 

 
where 𝑉𝑉𝑆𝑆𝑆𝑆30 represents the time-averaged VS from depth = 𝑧𝑧 to 30 m and 𝑡𝑡𝑡𝑡𝑧𝑧 represents travel time 
from surface to depth = 𝑧𝑧. 𝑉𝑉𝑆𝑆𝑆𝑆30 is estimated as, 
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑉𝑉𝑆𝑆𝑆𝑆30 = 𝑏𝑏0 + 𝑏𝑏1𝑙𝑙𝑙𝑙𝑙𝑙𝑉𝑉𝑠𝑠(𝑧𝑧) (4) 
 
The model is derived from a correlation between VS30 and 𝑙𝑙𝑙𝑙𝑙𝑙𝑉𝑉𝑆𝑆𝑆𝑆30 developed from datasets from 
California, Kik-net (Japan), and Turkey (California coefficients were used in the present work). 
According to a performance evaluation by Kwak et al (2017), Dai et al. (2013) models provided 
lower model bias and dispersion relative to measured VS30 values than other such models.  

Approximately 80% of the VS30 profiles from Utah are less than 360 m/s, indicating that 
the data collection was mainly done for soil sites. 
 
SLOPE AND SURFACE GEOLOGY 
 
To compute the topographic gradient, GTOPO30, a 30-arcsec resolution digital elevation model 
(DEM) provided by USGS’s Earth Resources Observation and Science (EROS) center was used 
(https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-global-30-arc-
second-elevation-gtopo30). The use of small cell sizes ultimately was not considered due to past 
research having found them to be less effective (Allen and Wald 2009).  
 Surface geologic conditions were obtained from geologic maps sourced from UGS (Utah 
Geological Survey). A combination of 7.5’ and 30’ x 60’ maps were used, where the 7.5’ maps 
had a resolution of 1:24,000 and the 30’ x 60’ maps ranged from a resolution of 1:62,000 to 
1:100,000. 
 Once the as-mapped surface geology was identified for each velocity location, initial 
geologic groupings were made in consideration of the geologic age and depositional environments. 
Geologic group names were assigned in consideration of age and depositional environment in the 
case of soil sites and age and rock type in the case of rock sites. When geological conditions were 
first assessed, 203 of the velocity profile sites were found to be Quaternary in age while only two 
profile sites are rock sites. The profiles in rock were not considered for this analysis due to data 
sparseness. Geologic age was split into three groups: (H) Holocene, (P) Pleistocene, and (Q) 
Quaternary (ambiguous between the Holocene and Pleistocene epochs). Depositional environment 
was split into eight possible categories: (a) alluvial, (c) colluvial, (d) deltaic, (e) eolian, (f) fill, (g) 
glacial, (l) lacustrine, or (v) mass-movement. A “mass-movement” depositional environment is a 
broad category encompassing lateral spread and landslide deposits. With this procedure, a total of 
19 geologic groups were formed, with ten groups having five or less measured VS data. Alluvial 
and lacustrine depositional environments have the most sites with measured velocities. 
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GEOLOGY-SLOPE PROXY DEVELOPMENT 
 
Since multiple geologic maps of varying accuracy were used to assess geologic conditions, some 
of the groups identified may be redundant. To determine if the geologic groups have statistically 
unique mean VS30 values, the natural logarithmic means with error bars indicating ± one standard 
error of VS30 for each geologic group was plotted. Natural logarithmic means were used because 
VS30 has generally been found to be approximately lognormal. Groups Ha, Hf, Pl, and Qa have a 
small standard error range due to the large number of observations. 
 

 
Figure 1. Natural log means for each geologic groups and their standard errors shown as a 

range. 
 

Where multiple categories have significant overlap of the VS30 ranges indicated by the 
standard error bounds, the null hypothesis that the categories are the same cannot be rejected. We 
opt to combine these categories, especially if the geologic descriptions are similar. Examples of 
similar units in Figure 1 are Pa with Qal and Qa with Qdel and Qe. For a more rigorous statistical 
analysis to see if groups were distinct, F-tests were used. A one-way Analysis of Variance 
(ANOVA) (Snedecor and Cochran, 1989) was performed to evaluate whether different potential 
groups (e.g., Pa and Qal) have statistically significant differences. The calculation produces an F1 
statistic as follows:  
 

𝐹𝐹1 =
�𝑅𝑅𝑅𝑅𝑆𝑆𝑓𝑓 − (𝑅𝑅𝑅𝑅𝑆𝑆1 + 𝑅𝑅𝑅𝑅𝑆𝑆2)�/�(𝑑𝑑𝑓𝑓1 + 𝑑𝑑𝑓𝑓2) − 𝑑𝑑𝑓𝑓𝑓𝑓�  

𝜎𝜎2
 (5) 

 
in which RSSf is the residual sum of squares of a data set for a pair of geologic groups, RSSi is the 
residual sum of squares for individual group i, dfi is the degree of freedom for model or submodel 
i (one if the model is mean only and two if the model includes a slope gradient term), and 
 

𝜎𝜎2 =
𝑅𝑅𝑅𝑅𝑆𝑆1 + 𝑅𝑅𝑅𝑅𝑆𝑆2

𝑁𝑁𝑓𝑓 − (𝑑𝑑𝑓𝑓1 + 𝑑𝑑𝑓𝑓2) (6) 
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Where Nf is the number of data points in the combined data set. The F1 statistic is compared with 
the F distribution to evaluate the significance level for the test. If the p-values are < 0.05, the sub-
groups exhibit statistically significant differences. The results of the F-tests are shown in Figure 2. 

 
Figure 2. Heatmap showing which combinations of geologic units are distinct (p<0.5) or not 

distinct (p>0.05) based on the F1 statistic. 
 

The F-tests confirm that fewer than half of the groups have statistically significant 
differences. The results of the F-tests generally conform with expectations that similar geologic 
groups are not statistically different (e.g., high p-values observed for Pa/Qal and Pdl/Pl). Using 
both the binned mean plot and the F-test results, we used judgment to combine geologic groups 
further from the original 19. In this evaluation, less weight was given to the F-test results when the 
sample sizes were small (<10), and we only combined groups that we anticipated to likely be 
similar. This process resulted in 11 groups, five of which represent combinations of groups 
observed in Figure 1, as follows: Pa/Qal, Pdl/Pl, Qa/Qdel/Qe, Qac/Qcv/Qv, and Qalm/Qdl/Hdl. 
The final set of geologic groups considered in this research are given in Table 1.  

Within the finalized geologic groups, trends between VS30 and 30 arc-sec surface gradient 
were examined using ordinary least squares (OLS) regression in log-log-space, 

 

 ln(𝑉𝑉𝑆𝑆30)���������� = 𝑐𝑐2 + 𝑐𝑐3ln(𝑠𝑠) (7) 

 
where VS30 has units of meters per second and slope is in meters per meter. A log-log regression 
was used due to its better visual fit to the data and its lower residual standard deviations compared 
to a semilog regression. The results of the regression are shown in Figure 3. 
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Figure 3. Plots of VS30 as a function of slope for all combined geologic groups. 
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Figure 3 (continued).  
 

If the 95% confidence interval for slope parameter c3 did not include zero, it was interpreted 
that slope has a statistically significant effect on VS30 and the ln(VS30) mean estimate can be 
calculated using Eq. 7. The regression results indicate the effects of gradient on VS30 exist for only 
five geologic groupings: Ha, Hf, Pa/Qal, Pdl/Pl, Qa/Qdel/Qe. The finding of gradient dependence 
of VS30 in geologically young units is consistent with VS30 proxy models developed in other regions 
(e.g., Wills et al. 2015, Parker et al. 2017). Gradient dependence was found for different 
depositional environments, including alluvium, lacustrine, and fill. From visual inspection of 
Figure 3, it could be argued that all groups but Qalm/Qdl/Hdl and Ql exhibit some trends with 
slope of varying strength, even though the regression results say otherwise. This is mainly due to 
the limited data in these geologic groups. Small sample sizes lead to wider confidence intervals 
thus increasing the likelihood that zero will fall within the interval. It is concluded that while a 
trend with slope may exist for these units, the available data is insufficient to demonstrate its 
statistical significance. 

To further evaluate the statistical significance of gradient dependence of VS30, the Nash-
Sutcliffe Efficiency (NSE) parameter (Nash and Sutcliffe, 1970) was computed for geologic 
groups Ha, Hf, Pa/Qal, Pdl/Pl, Qa/Qdel/Qe. NSE is computed as, 

 

 𝑁𝑁𝑁𝑁𝑁𝑁 = 1− ∑ �ln(𝑉𝑉𝑆𝑆30)𝑖𝑖−ln(𝑉𝑉𝑆𝑆30)������������i�
2𝑛𝑛

𝑖𝑖=1
∑ �ln(𝑉𝑉𝑆𝑆30)𝑖𝑖−𝜇𝜇ln𝑉𝑉𝑉𝑉30�

2𝑛𝑛
𝑖𝑖=1

 (8) 

 
where (𝑉𝑉𝑆𝑆30)𝑖𝑖 is an individual data point, ln(𝑉𝑉𝑆𝑆30)����������

i is the gradient-conditioned model prediction 
(Eq. 7), and 𝜇𝜇ln𝑉𝑉𝑉𝑉30 is group mean. A value of NSE < 0 indicates the regression is a worse predictor 
than using the mean VS30. As shown in Table 1, NSE exceeds zero for the Ha, Hf, Pa/Qal, Pdl/Pl, 
and Qa/Qdel/Qe groups, showing that Eq. 7 improves over using mean values for these groups. 
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For the groups that did not exhibit a statistically significant trend with slope, the exponent 
of the natural log mean of the group is selected to estimate VS30. Table 1 summarizes the geology-
slope proxy models proposed to estimate VS30 and the recommended coefficients for use in Eq. 7. 

 
Table 1. Summary of proposed VS30 estimation models based on geologic conditions and slope 

 
 

APPLICATION FOR VS30 ASSIGNMENTS TO GROUND MOTION SITES 
 
Of the 95 ground motion station sites in the NGA-West3 project, only 3 have a VS30 value derived 
from an on-site profile. For the other 92 sites, the use of proxy-based models are required. This 
was done using a combination of the regional proxy for Quaternary units (42 sites) and proxies for 
other regions for rock geologic units (50 sites). For the Quaternary units, the proposed proxy 
models for VS30 estimation are presented in Table 1 and Eq. 7. Due to the lack of measured velocity 
data for rock sites in Utah, local proxy relationships could not be developed and mean VS30 for 
geologic units of different ages were borrowed from California and central and eastern North 
America (Wills et al. 2015 and Parker et al. 2017, respectively). Wills et al. and Parker et al. do 
not provide VS30 means for every geologic unit that exists for Utah, which is why both regions 
were required. Of the 50 stations located on Paleozoic Era rock, one had a co-located VS profile 
that was assigned to the station (VS30 = 361 m/s). 

Figure 4 shows a histogram of the assigned VS30 values for the Utah stations. For the rock 
sites, 𝜎𝜎lnV is derived using the standard deviations for the respective units in the source documents 
(Wills et al. 2015 and Parker et al. 2017) combined with additional epistemic uncertainty as 
described in Ahdi et al. (2022). 
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Figure 4. VS30 histogram for assigned GMPD ground motion stations. 

 
CONCLUSION 
 
Within the NGA-West3 project, there was a particular need to develop proxy-based models for 
Utah given the lack of VS profiles at ground motion recording sites. Based on new profiles added 
to VSPDB for sites in Utah, a VS30 proxy model conditioned on topographic gradient and surface 
geology was used to assign VS30 to ground motion recording sites. 
 Table 1 presents the developed proxy models for 11 geologic groups. Some geologic 
groups use a gradient-based relationship while others use the natural log mean of the group. 
Standard deviations are provided for each VS30 estimate. For 42 ground motion stations on soil, 
proxy models were used to assign VS30. For 50 ground motion stations on rock, VS30 was assigned 
from rock formations in the same era from Wills et al. (2015) and Parker et al. (2017). 
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