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CHAPTER 1 PROJECT MOTIVATION AND BACKGROUND

1.1 Research Goals and Objectives

The Wyoming Department of Transportation (WYDOT) currently uses field techniques such as
borings, Standard Penetration Test (SPT), rock coring, and a drive point method to investigate
subsurface soils. This data in combination with laboratory testing is used to characterize, and
determine soil and rock properties prior to foundation design. These methods are a valuable
source of information for WYDOT and have produced bridge foundations that have historically
performed well. The goal of this project was to enhance subsurface data using seismic methods
and compare the results of the seismic testing to the subsurface and construction data.

The motivation for this research comes from recommendations from the Federal Highway
Administration (FHWA), which encourages the use of different and new sub-surface
investigation techniques (Rivers and Nichols, 2019). It was hoped that the data collected as part
of this research would result in high quality data sets at the nine sites tested, and help with
correlations of pile drivability, pile design, drilled shaft design, rock mass designations, and
depths associated with the weathered bedrock — unweathered bedrock transition. While quality
data sets have been compiled at each of the nine sites, and bedrock depths were comparable
between seismic and other methods at most sites, correlations between the shear wave velocity
(Vs) and other rock and strength parameters are not evident (see chapter 3). Chapter 1 presents a
brief review of soil conditions expected in Wyoming as well as some background information on
seismic testing.

1.2 Wyoming Rock Types

The surface geology of Wyoming consists mostly of rock outcrops or shallow soil over rock
formations. Figure 1 presents a geologic map of Wyoming, the bright yellow and its muted
shades represent quaternary rocks and unconsolidated deposits. Review of Figure 1 reveals that
there are few quaternary rocks and unconsolidated deposits throughout the state. WYDOT
Geology personnel have indicated that even when quaternary soil is present the deposits are not
very thick and overlie poor quality bedrock (Kirk Hood, 2019).



Figure 1 Geologic map of Wyoming, compiled by Love and Christiansen (1985)

The depth of the rock layer beneath the surface is an important design consideration and can be
determined accurately over a large area using seismic methods. Rock mass characterization
using seismic methods has been performed on a few projects and a variety of rock types
(McCann et. al, 1990, El-Naqa, 1996, Yasar and Erdogan, 2004). These studies included using
acoustic wave testing in the lab, refraction, and surface wave testing in the field, and some
borehole methods. While interesting, this limited amount of information demonstrated that each
of the previously published articles was rock type specific and clear correlations for Vs for weak
rock material like those found in Wyoming is not present in current literature.

1.3 Seismic Testing

Seismic testing includes surface and borehole methods (Griffiths et. al, 2016). This project will
use compression wave refraction and surface wave testing to characterize the subsurface.

Both of these methods use the same type of equipment and require analyses of the data after it
has been recorded.

Compression wave refraction surveys (P-wave) are common practice in the field of applied
geophysics. They can produce a consistent estimate of the velocity and depth of a soft over stiff
layer. Figure 2 presents a typical refraction field test. In this method, travel times for each
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receiver are compared with the distance from the shot location. The arrival times of the
geophones nearest the shot location are compared with the arrival times of the geophones further
away from the shot locations. Because the velocity of the deeper layers is greater than the
surface layer some of the energy will travel through the surface layer, be refracted across the
boundary between the surface, and a deeper layer, and then refracted again up toward the
surface, and recorded at a geophone before the first arrival travels across the surface layer. This
is because the velocity of the deeper layer is much greater than the velocity of the surface. This
data is then analyzed to determine travel times, velocities, and depths associated with the various
layers. This method requires a large seismic source, or limited background noise (or both) and is
dependent on being able to graphically pick the first arrival associated with the source signal.
This method was used at each of the nine sites.
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Figure 2 Typical compression wave refraction survey set up, (figure from US Army Corp of
Engineers, 1995)

Surface wave methods have been used since the 1980s (Nazarian, 1984, Nazarian et. al 1988)
with the advent of the Spectral Analyses of Surface Wave (SASW) method. In this method, two
sensors are placed on the ground and the relative phase difference between the sensor readings is
used to determine phase velocity. This method was a precursor to the Mutli-Channel Analyses
of Surface Waves (MASW) method developed by Park et al. (1999), which is presented as
Figure 3. Both of these methods take advantage of the fact that soil and rock are dispersive
materials, which means different frequency waves travel at different velocities within the same
material. This allows for a determination of the phase velocity and eventual computation of the
Vs of a layered earth model. The MASW method requires an inversion analyses of layered earth
models, which produce theoretical dispersion curves. These theoretical curves are then
compared to the measured in-situ dispersion curve to determine if the layered earth model is a
good match, and possible solution to the measured data. These methods are time consuming and
require trained personal to develop realistic layered earth models.
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Figure 3 Typical MASW survey set up shown with wave direction, particle motion, and signal
times (Ear to the Ground, 2016)

1.4 Research Plan and Goals

The research plan included performing seismic surveys at nine locations within Wyoming, and
then comparing that data to the soil borings, drive point, pile driving records, and laboratory rock
strengths. The nine sites chosen for testing include those presented in Table 1. The sites were
chosen based on availability of data, interesting sub surface conditions, and in coordination with
the project champion at WYDOT. At each bridge site, two seismic surveys were completed.
Attempts to test in two orthogonal directions and/or opposing abutments were made; however,
adjustments to planned surveys were required due to available space, surface conditions, and
construction activity. Performing two seismic surveys at each site allowed for redundancy in the
data and helped ensure that at least one quality data set was recorded at each site.

Table 1. Nine testing locations for further seismic testing.

S.N. | Location (City) Site Name

1. Pine Bluffs Lodgepole Creek
2. Pine Bluffs Parson Street

3. Pine Bluffs Beech Ave

4. Pine Bluffs Muddy Creek

5. Rock Springs Interchange Road
6. Ranchester BNSF Rail Road
7. Gillette Wildcat Creek

8. Rawlins Cedar Street

0. Thermopolis Owl Creek

The project goals for this research were to 1) use seismic methods to determine small strain rock
and soil properties, 2) correlate the seismic results with other measured soil and rock properties
and 3) compare the seismic methods with other rock classification methods. Seismic methods
were used to measure Vs at nine sites using both compression wave refraction (P-wave) and



MASW testing methods. For all nine sites Vs data was successfully determined, however, the P-
wave data did not produce realistic/expected results. The comparison between the Vs, and other
measured soil and rock properties resulted in mostly very poor or non-existent correlations.
However, the Vs was a good indicator of competent rock depth. Because correlations between
Vs and rock strength yielded such poor quality data, there was no reason to compare this poor
quality data with known rock classification methods.






CHAPTER 2 SITE DESCRIPTION, SUBSURFACE INFORMATION AND
DATA ANALYSES

2.1 Introduction

Shear wave velocity is a measure of soil stiffness and can be useful for modeling site response
analyses, determination of bedrock depth, and site classification. In this chapter a description for
each site including; existing borehole, site maps, array locations, and data collection and analyses
are provided. A brief comparison between the soil boring, pile-driving record, max case method
for pile capacity and Vs is also presented. At sites where some data is not available,
comparisons between as much of the data as possible is presented.

Vs compression wave velocity data was collected from nine different bridge sites in Wyoming
that were collected during two separate trips made in August 2020. This chapter presents
standard information about data collection and analyses used at all sites, and then presents all
collected and analyzed information for each site.

Data at each site was collected using similar offsets, spacing, sampling rates, and equipment.
Where variations in data collection at any sites were made, they will be noted in the sections
below. The data for the MASW (Park et al., 1999) and P-wave were collected using 48, 4.5 Hz
vertical oriented geophones spaced at 3.3 ft or 6.6 ft intervals based on space available at each
site. Data was recorded using two Geometrics Geode seismographs. The total array length was
154.2 ft or 308 ft. The record length of P-wave refraction testing was 2 sec with a sampling rate
0of 0.125 ms. A 12 Ib. sledgehammer was used as active source with a steel strike plate. A
sledgehammer can be used to generate surface wave energy down to frequency of 10-15 Hz and
can generate a wavelength long enough to sample the soil to depths of up to 100 ft. When
sampling stiff soils longer wavelengths can be generated, resulting in a greater depth of
investigation (Wood et al., 2012).

For P-wave refraction, data collection used a trigger switch attached to the hammer with a -0.25
second delay. It was hoped that the P-wave refraction data would allow the researchers to
identity compression wave velocity and depth of the first few soil layers, and potentially the
transition from weathered bedrock to competent bedrock. However, at most sites the depth of
bedrock could not be determined using P-wave refraction testing. At some sights, the lack of
sample depth of P-waves is attributed to very noisy (near freeway) environment and at others
lack of a strong enough signal. At some sites longer arrays were used, however, due to
insufficient source strength and noisy sites, near busy freeways or highways, the P-wave testing
did not produce desired results. Therefore, the P-wave data was only used to identify the
compression wave velocity of the near surface layers. Keep in mind, unlike MASW testing were
a layered earth model is used to determine a theoretical dispersion curve and then compare the
theoretical model to the measured dispersion data. Compression wave testing results in a direct
measure of the Vp based on the slopes of the lines determined from the first arrival verses the
offset distance. Compression wave testing does not require a layered earth model.

MASW testing was performed using the same spacing, geophones, and layout used for the P-
wave refraction data collection. The only difference was during the data collection. The trigger
delay, recording length, and sampling rate were changed to 0 sec, 4 sec and 4 ms,, respectively.
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The data collection for MASW were completed using four shot locations of 16 ft and 32 ft from
each end of the array (forward and backward shots). Ten records were stacked at each shot
location to minimize disturbance in data due to noise. Data collected from each end were
separately analyzed to determine the dispersion curve and the better result of the two data were
used for further analysis. MASW data was analyzed using the frequency domain beamformer
method (FDBF) (Zywicki, 1999) and the layering ratio method (Cox & Teague, 2016). Geopsy,
a free opensource software was used to complete the inversion analyses. Within this software
theoretical dispersion curves are compared with experimentally measured dispersion estimates
using a misfit value. A lower value of misfit corresponds to a better fit, however because each
site in unique, you cannot compare misfit values from one site to another. Instead, the misfit
values help rank and compare different theoretical models for the same site.

The rest of this chapter presents the data collection, analysis and comparison at each of the nine
bridge sites. With a site presented in each section. In the first section, Lodgepole Creek is
discussed in detail and will provide information concerning the data analyses and important data
analysis decisions that were made as data was processed. The subsequent sections will provide
less detail in terms of data analyses decisions, unless they differ from those in the Lodgepole
Creek site, and will instead focus on the unique details associated with the information pertaining
to each site.

2.2 Project Site: Lodgepole Creek

Lodgepole Creek, located near Pine Bluffs, Wyoming, was the site of a replacement bridge along
State Highway 215, with design and construction overseen by WYDOT. This five span 45 ft
long bridge crosses Lodgepole Creek, about 1 mile northwest of Pine Bluffs, Wyoming, is a
seasonal drainage river with normally low flows. Based on the existing borehole information,
the bedrock under the north abutment was determined to be approximately 50 feet beneath the
road surface, and on the south side, approximately 75 ft. Intermediate geomaterial comprised of
medium dense to hard sandy siltstone and silty sandstone form the bedrock layer belonging to
the Tertiary White River Formation. Layers above the bedrock are generally comprised of moist,
loose, silt to clayey sand over saturated loose to medium density silt and sandy silt. Figure 4
shows the soil layers obtained from borehole information (Scott, 2019) as well as the red line
which indicates the elevation of the seismic testing which was performed at an elevation of 5039
ft. For our project, data was collected along the north and south abutments about two feet to the
east of the road. Figure 5 presents a Google Earth image of Lodgepole Creek with the
approximate location of the arrays used for the seismic testing.
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Figure 4 Existing soil profile data for Lodgepole Creek obtained from WYDOT (Scott, 2019),
red line indicates elevation of the seismic survey.
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Figure 5 Survey location on Lodgepole Creek represented by yellow line (Google Earth Pro,
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Data from the north and south arrays was initially analyzed; however, only data from Array 1
(south) is presented herein because it yielded much better results than the data collected on the



north side of Lodgepole Creek. This may be due to the presence of a discontinuity in bedrock
depths from the north to the south side of the bridge.

P-wave refraction was performed at Lodgepole Creek with results presented in Figure 6, which
presents the first arrival times for all sensors with all shot locations. Different layer velocities
are shown in the figure by recognizing different slopes between the first arrivals. For Lodgepole
Creek, the P-wave refraction analyses yielded the compression wave velocity (Vp) of the top two
soil layers. The Vp for the surface layer was determined to be 1121 ft/sec and the layer just
beneath this as 3280 ft/sec. The authors had difficulty distinguishing between noise and signal
when processing the P-wave data, especially as distance from the shot location increased. This
could be overcome in future surveys by using a stronger source and a longer array. Due to the
noisy nature of the compression wave data, the Vp determined at the Lodgepole Creek site was
not used for any further analyses.
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Figure 6 P-wave refraction data for the Lodgepole Creek site

MASW data was measured using an active source at multiple offsets to determine an
experimental dispersion curve. The initial data obtained showed a consistent curve from 4-40 Hz
as presented in Figure 7. In order to use the data for further analyses, data at very low or high
frequencies and sporadic data was trimmed based on recommendations from Wood et. al. in
2012. For the Lodgepole Creek site dispersion data at frequencies less than 4.5 Hz and higher
than 40 Hz were removed. The trimmed data is presented in Figure 7.
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Figure 7 MASW data including (a) Untrimmed and (b) Trimmed measured dispersion data
(Array 1) for Lodgepole Creek

Phase velocities at this site range from 150 m/s to 600 m/s. Based on the experimental data the
longest useable wavelength measured was 210 ft, which results in a maximum depth of
investigation of 105 ft. (Comina et al., 2011). Prior to inversion, the experimentally measured
dispersion curve was resampled at pre-determined frequencies ranging from 5-40 Hz.

The inversion was performed using free, open-source software, Geopsy to determine a potential
Vs profile. Initial theoretical Vs parameters were determined using the available borehole data,
and layering ratio method (Cox & Teague, 2016). At the Lodgepole Creek site, 22 initial models
were investigated with over 125,000 inversions performed for each model (total of over 2.7
million models assessed). These inversions are known as theoretical models and are compared
with the experimental dispersion curve to determine if they provide a realistic answer.

To aid in the determination of an appropriate answer the theoretical dispersion curve estimates
are used to compute a misfit value. With lower misfits corresponding to models with the
“better” fit, or inversion that most closely matches the experimental data (Wathelet et. al., 2004).
At this site, a five-layer model yielded a minimum misfit of 0.865, which corresponds to a good
theoretical fit to the experimental data. This data and the corresponding shear wave velocity
profiles are presented in Figure 8. It is important to note that misfit values, while a good
comparison between similar Vs profiles for a given theoretical dispersion curve should not be
used to compare quality of fit between theoretical and measured dispersion curves from one site
to another. In addition, misfit values are not a substitute for a visual inspection of the theoretical
and measured dispersion curves.
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Figure 8 Dispersion curve and Vs profile form the 1000 minimum misfit theoretical data for
Lodgepole Creek

In order to characterize some uncertainty within the inversion process, the dispersion curve
included uncertainty bounds that were assigned from the experimental data when the phase
velocity was resampled. Because of this, and because the authors chose to investigate
uncertainty within the solution, a number of satisfactory solutions were determined. This means
that a number of Vs profiles provide potential answers to the measured dispersion data. In order
to rank them and determine the “best” answer a misfit value was used. Figure 8 presents 1000
Vs profiles and their corresponding dispersion curves that produce reasonably low misfit values.
At the Lodgepole Creek site, an increase in velocity with depth is expected based on borehole
and drive point data. This was modeled by not allowing velocity reversals during the inversion
analysis. Figure 8 includes, the 1000 theoretical Vs profiles with the red line representing the
minimum misfit Vs profile. This Vs profile corresponds to the theoretical dispersion curve that
most closely matches the experimental dispersion data. The blue line represents the median Vs
profile of all 1000 Vs profiles. Based on the minimum misfit Vs profile from Figure 8, the
bedrock layer was estimated to be around a depth of 40 ft, with a Vs greater than 1200 ft/sec.

For the Lodgepole Creek site the depth of the bedrock layer as determined by drive point
analyses was compared with the Vs profile, as presented in Figure 9. For this comparison, the
Vs data was adjusted to the correct elevation, and then existing borehole and drive point data was
scaled and plotted next to the Vs data so that side-by-side comparisons could be made. For the
Lodgepole Creek site, where Array 1 was used (south of the bridge structure), the Vs profile
predicts bedrock depths around an elevation of 5000 ft, which do not match up with borehole
data taken near this same abutment of the bridge structure.
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Figure 9 Comparison between soil boring and Vs profile for Lodgepole Creek including a) Soil
Boring data and, b) Vs profile for Lodgepole Creek

2.3 Project Site: Parson Street

Parson Street in Pine Bluffs, Wyoming, was a site for construction of 180 ft, 3 span bridge on
Interstate 80 over the Parson Street Interchange. Based on the existing borehole data, the
subsurface layers are mainly medium dense silty sand with some sandy silt and dense weathered
siltstone. The siltstone layer in part of the Tertiary White River Formation. The bedrock
elevations were 5032 ft and 5039 ft for Abutments 1 and 2, respectively. Figure 10 shows the
subsurface profile which was obtained from WYDOT (Hanson, 2014a). Seismic data was
collected at an elevation of 5095 ft at the locations shown in Figure 11. The MASW and P-wave
refractions surveys were performed parallel to Parson St. under the overpass in a nearly north
south direction and at the base of the embankment nearly perpendicular to Parson Street. in a
west-east orientation. Due to data, coupling and quality issues associated with Array 2 only data
from Array 1 will be presented and discussed.

P-wave refraction data was not used for the inversion, due to the lack of depth and mis-match
between the MASW and P-wave velocities.
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Figure 10 Existing soil profile data for Parson Street Eastbound Lane obtained from WYDOT
(Hanson, 2014a), red line indicates elevation of the seismic survey.
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Figure 11 Survey location on Parson Street represented by the yellow lines. (Google Earth, 2021
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For completeness the initial arrival times for the P-wave testing is presented in Figure 12. The P-
wave refraction analyses yielded the Vp of the top two soil layers. The first layer yielding a Vp =
1263 ft/sec and the second layer yielding a Vp = 2525 ft/sec. The compression wave testing may
have produced more model layers if the source had been bigger and the array longer. However,
with the equipment used in this study, at the Parson Street Site, only the Vp of the top two layers
could be determined.
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Figure 12 P-wave refraction data for Parson Street

MASW data was measured using an impulse source (sledgehammer) at multiple offsets to
determine an experimental dispersion curve. The initial data obtained yielded a constantly
increasing phase velocity as frequencies decreased, as presented in Figure 13. At frequencies
less than 14 Hz the phase velocity data does not have a clear trend. The Parson Street site
experimental dispersion data was trimmed at frequencies less than 10 Hz and higher than 40 Hz,
as presented in Figure 13b. The experimental data has a longest useable wavelength of 132 ft
that results in a maximum depth of investigation of 65 ft (Comina et al., 2011).

The inversion was performed using free open-source software Geopsy to determine a potential
Vs profile. At the Parson Street site, 33 initial models were investigated with over 125,000
inversions performed for each model (total of over 4.1 million models assessed). At this site, a
five-layer model yielded a good fit to the experimental data with a minimum misfit of 0.406.
The five layer models and their corresponding shear wave velocity profiles are presented in
Figure 14.
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Uncertainty was accounted for by developing 1000 Vs profiles, and presented in Figure 14.
Velocity reversals were not allowed in the inversion analyses. Included in Figure 14 is the Vs
profile the lowest misfit value as well as the median Vs profile.
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Figure 13 MASW experimental (a) untrimmed and (b) trimmed measured dispersion data (Array
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Figure 14 Dispersion curve and Vs profile form the 1000 minimum misfit theoretical data for

Parson Street

Based on the minimum misfit Vs profile, a bedrock depth at this site is expected to be around 50
ft below the surface and corresponds to an increase in Vs from 1400 ft/sec to about 1900 ft/sec.
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A comparison between the soil boring data, pile driving blow count, maximum case method and
Vs data is presented in Figure 15. In order to make this comparison, the Vs data was corrected to
its corresponding elevation data. At the Parson Street site, the depth of bedrock predicted by the
Vs profile is consistent with the pile driving record and the soil boring information.
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Figure 15 a) soil boring information, b) pile driving blow count, ¢) max case method capacity
and d) Vs profile all as a function of depth for Parson Street

2.4 Project Site: Beech Street

The Beech Street bridges in Pine Bluffs are two approximately 150 ft long, 3 span bridges along
I-80 that crosses over Beech Street (east and westbound). Based on the existing borehole
information, the subsurface layer near Beech Street mainly consists of medium dense sandy silt
from the surface to a depth of approximately 27 feet below the surface as presented in Figure 16.
The bedrock layer consists of siltstone and belongs to the Tertiary (Oligocene) White River
Formation. At this site, the Vs data was collected at an elevation near 5097 ft in two arrays,
which is shown in Figure 16 as a red line. Array 1 was conducted parallel to Beech St. and
Array 2 was conducted along the base of the embankment as presented in Figure 17. Due to data
coupling and quality issues associated with Array 1 only data from Array 2 (parallel to freeway)
will be presented in this report.

P-wave refraction data is presented in Figure 18. The P-wave refraction data analyses resulted in
determination of the Vp of the top two soil layers. The first layer has a Vp = 1131 ft/s and the
second layer has a Vp = 3647 ft/s. While this data was used as an initial guesses of the Vp used
in the MASW inversion analyses for the top two layers, it was not used for any further.

MASW data was measured using and impulse source at multiple offsets to determine an
experimental dispersion curve. The initial data obtained showed a smooth curve at frequencies
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down to 24 Hz. At frequencies less than 24 Hz the data quality was not as good as at higher
frequencies. The measured phase velocities are presented in Figure 19, which includes both
trimmed 19b and untrimmed 19a data. For the Beech Street site data at frequencies less than 8
Hz and higher than 40 Hz were removed. Phase velocities at this site range from 180 m/s to 420
m/s. Based on the experimental data the longest useable wavelength measured was 135 ft which
results in a maximum depth of investigation of 67 ft (Comina et al., 2011). The experimentally
measured dispersion curve was resampled at pre-determined frequencies prior to inversion.
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Figure 16 Existing soil profile data for Beech Street Westbound Lane obtained from WYDOT
(Green, 2014), red line indicates elevation of the seismic survey.
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Figure 17 Survey location on Beech Street represented by yellow line (Google Earth, 2021, with

alterations)
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Figure 18.Figure 18 P-wave refraction data for Beech Street
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Figure 19 MASW (a) untrimmed and (b) trimmed measured dispersion data (Array 2) for Beech
Street

Around a frequency of 22 hz, there appears to be a mode change. Due to this change, a multi-
mode inversion was attempted. However, using a multi-mode inversion did not result in a
practical solution. So only the results of the fundamental mode inversion are presented here. At
the Beech Street site, 19 initial models were investigated with over 125,000 inversions
performed for each model (total of over 2.3 million models assessed). At this site, a four-layer
model yielded a minimum misfit of 0.673, which corresponds to a good theoretical fit to the
experimental data. This data and the corresponding shear wave velocity profiles are presented in
Figure 20.
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Figure 20 Dispersion curve and Vs profile with 1000 minimum misfit theoretical data for Beech
Street

Boring logs at the Beech Street site indicate stiffer soil as depth increases that corresponds to
increasing Vs as a function of depth. This was modeled by constraining the analysis to not allow
velocity reversals. Based on the minimum misfit Vs profile a bedrock layer occurs at a depth of
29 ft with a Vs of about 1200 ft/sec. A comparison between the soil boring data, pile driving
blow count, maximum case method, and Vs data are presented in Figure 21. At the Beech Street
site, the depth of bedrock predicted by the Vs profile is consistent with the pile driving record
and the soil boring information.

2.5 Project Site: Muddy Creek

The Muddy Creek site in Pine Bluffs, Wyoming includes two 247 ft long 4 span bridges and is
part of Interstate 80 spanning muddy creek and an access road (east and westbound). Based on
borehole information, the sub-surface layers consist of a medium dense, silty sand, and a dense
sandy silt layer overlying very dense to weak siltstone bedrock layer. The siltstone layer belongs
to the Tertiary White River Formation. Bedrock layers were identified at an approximate
elevation of 5018 ft. Seismic testing was performed at an elevation near 5060 ft as presented in
Figure 22 by the red line.

For this project, data collection was performed at two array locations. Array 2 was collected
under the bridge, and Array 1 was collected along the Muddy Creek Drive, as shown in Figure
23.
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Figure 22 Existing soil profile data for Muddy Creek Westbound Lane obtained from WYDOT
(Hanson, 2014b), red line indicates elevation of the seismic survey.

For this project, data collection was performed at two array locations. Array 2 was collected
under the bridge, and Array 1 was collected along the Muddy Creek Drive, as shown in Figure

23. Although two arrays were used for data collection, only data for Array 1 will be presented
herein.

Figure 23 Survey location on Muddy Creek represented by yellow line (Google Earth Pro, 2021,
with alterations)

The P-wave refraction data at Muddy Creek is presented in Figure 24. At this site there was
enough room to spread out Array 2 and perform the P-wave refraction and MASW testing at a
spacing of 6.6 ft. The limited data shown in the P-wave data is due to a very noisy site and lack
of source strength. Even with the lack of source strength the top two Vp layers at the site are
evidenced by the two distinct slopes presented in Figure 24. While it is almost certain that more
than two layers exist in the subsurface the data collected using a sledgehammer source at this
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noisy site only provided enough signal strength to determine a two layer model using
compression wave analyses. Because of this, readers should not compare model layers between
the compression wave and MASW testing. Due to the poor quality of P-wave refraction data, it
was not used for further analyses.

0.275
B Layer 1; Vp = 1345 ft/sec
A Layer 2; Vp= 6560 ft/se A
027 ayer P sec AA‘.
[ |
= 0.265 aaha
D .AA [
& A [
o 0.206 u Agppaa -
8 LT u Aum = =
0255 | =" SR = o
[ | [ | a
[ | m = " [ ]
025 = m .. ]
0.245
0 50 100 150 200 250 300
Offset (ft)

Figure 24 P-wave refraction data for Muddy Creek

The MASW experimental dispersion curve is presented in Figure 25. For the Muddy Creek site,
the experimental data was cut-off at frequencies less than 10 Hz and higher than 40 Hz. The
trimmed data (Figure 25b) for both offsets are in agreement at all frequencies. Phase velocities
at this site range from 180 m/s to 400 m/s. The longest useable wavelength measured was 110 ft
that results in a maximum depth of investigation of 55 ft. (Comina et al., 2011).
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Figure 25 MASW (a) untrimmed and (b) trimmed measured dispersion data (Array 1) for
Muddy Creek

The inversion was performed using free open-source software, Geopsy. Initial theoretical
parameters used in the inversion were determined using the available borehole data, and
layering ratio method (Cox & Teague, 2016). At the Muddy Creek site, 37 initial models were
investigated with over 125,000 inversions performed for each model (total of over 4.3 million
models assessed). At this site, a four-layer model yielded a minimum misfit of 0.868, which
corresponds to a good theoretical fit to the experimental data as presented in Figure 26.
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Figure 26 Dispersion curve and Vs profile with 1000 minimum misfit theoretical data for
Muddy Creek
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Based on the minimum misfit Vs profile a bedrock layer is expected at a depth near 28 ft below
the survey and corresponds to a Vs greater than 3000 ft/sec.

A comparison between the soil boring data, pile driving blow count, maximum case method and
Vs data are presented in Figure 27. At the Muddy Creek site, the depth of bedrock predicted by
the Vs profile is within a few feet of the bedrock depth predicted in the soil boring data.
However, the pile driving record and the max case method (which is a function of pile driving
blow count) predict bedrock a few feet above soil boring data.

2.6 Project Site: Interchange Road

Interchange Road Bridge, located in Rock Springs, is a two span, 270 ft long overpass bridge.

At this site, the natural ground layer, below the embankment, consists of stiff sandy clay with
some interbedded silt. The bedrock layer was identified 34 to 36 feet below the ground surface at
an elevation near 6200 ft. The bedrock materials were identified as moist, very dense
interbedded siltstone, claystone and sandstone, and belong to the Tertiary Wasatch Formation.
The soil profile is shown in Figure 28 (Scott, 2017). Data was collected at two array locations
for this site, Array 1 was conducted along I-80 and Array 2 was conducted north-west of the
existing bridge as presented in Figure 29. Array 1 data was very noisy, resulting in poor quality
data; hence, only data collected at Array 2 will be presented herein. Array 2 was performed at an
approximate elevation of 6245 ft, which is indicated by the red line in Figure 28. were collected
at approximately
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Figure 27 Bedrock depth comparison for Muddy Creek including a) soil boring information, b)
pile driving blow count, ¢) max case method capacity and d) Vs profile all as a function of depth
for Muddy Creek
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Figure 29 Survey location on Interchange Road represented by yellow line (Google Earth Pro,

{ﬁ‘m

2021, with alterations)

For Interchange Road, the P-wave refraction analyses yielded Vp data for the top two soil layers.
The topmost layer yielded a Vp = 1260 ft/sec and the second layer a Vp = 4684 ft/sec, as
presented in Figure 30. While it is almost certain that more than two layers exist in the
subsurface, the data collected using a sledge hammer source at this noisy site only provided
enough signal strength to determine a Vp for the top two layers (i.e. a larger source paired with a
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longer array may produce a deeper model with more layers). Because of this, readers should not
compare model layers between the compression wave and MASW testing.

The MASW data from Array 2 was very good quality data at all frequencies as presented in
Figure 31. The data was trimmed at frequencies less than 5 Hz and higher than 40 Hz. Based on
the experimental data the longest useable wavelength measured was 150 ft resulting in a
maximum depth of investigation of 75 ft. (Comina et al., 2011). The inversion was performed
using Geopsy with 16 initial models and over 125,000 inversions performed for each model a
total of over 2 million models where investigated.
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Figure 31 MASW (a) untrimmed and (b) trimmed measured dispersion data (Array 2) for
Interchange Road, Rock Springs

At the Interchange Road site, a three-layer model yielded a minimum misfit of 0.553, which
corresponds to a good theoretical fit to the experimental data, as presented in Figure 32. During
the inversion process, a number of satisfactory solutions that fit within the uncertainty bounds
provide a satisfactory fit to the experimental dispersion data 1000 of these are included in Figure
32 along with their corresponding Vs profiles.
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Figure 32 Dispersion curve and Vs profile with 1000 minimum misfit theoretical data for
Interchange Road, Rock Springs

At the Interchange Road site, no velocity reversals were allowed in the inversion analysis. The
minimum misfit Vs profile predicts a bedrock layer at a depth around 32 ft deep with a bedrock
Vs = 1000 ft/sec. A comparison between the soil boring data, pile driving blow count, maximum
case method and Vs data as presented in Figure 33. At the Interchange Road site, the depth of
bedrock predicted by the Vs profile is a very good match to the bedrock depth predicted by the
drive point data and pile drive blow count data.
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Figure 33 Bedrock depth comparison for Interchange Road including a) soil boring information,
b) pile driving blow count, ¢) max case method capacity and d) Vs profile all as a function of
depth for Interchange Road, Rock Springs

2.7 Project Site: BNSF Railroad

The bridge over the BNSF rail-line in Ranchester is a seven span, approximately 300 ft long W-
beam girder railway overpass bridge. According to borehole data the near surface soils consist of
medium stiff to stiff clay, underlain by flowing sand with gravel in a loose to dense state. The
bedrock layer is expected at a depth near 30 ft corresponding to an elevation near 3730 ft. The
bedrock layer consists of weathered to slightly weathered carbonaceous and silty shale in hard
and dry to slightly moist condition and belongs to the Tertiary Lebo Member of the Fort Union
Formation. The soil profile is presented in Figure 34 (Swanbom, 2019). Seismic data for this
site was collected at an approximate elevation of 3762 ft. as shown by the red line in Figure 34.
For this site, two arrays were used for data collection; Array 1 along the base of the
embankment, and Array 2 parallel to the railway, as shown in Figure 35. Although data was
collected at both arrays data between them were similar and as such only data from Array 2 is
presented herein. At this site, data collection was approximately 150-200 ft away from the south
Abutment. This distance is larger than the authors would have liked, but was the closest open
area that was accessible for the testing.

At the BNSF Railroad site, the P-wave refraction analyses yielded the Vp of uppermost three
layers, as presented in Figure 36. Layer 1 has a Vp = 1260 ft/sec, layer 2 with a Vp = 4100
ft/sec, and a third layer with a Vp of 6560 ft/sec. The P-wave refraction data was not as helpful
as hoped. However, it did help with determination of the initial guesses used when performing
the MASW inversion.

MASW data was measured using and active source at multiple offsets to determine an
experimental dispersion curve. The initial data obtained ranged from frequencies near 40 Hz to
around 10 Hz, as presented in Figure 37. The experimental data included the longest useable
wavelength of 92 ft, which results in a maximum depth of investigation of 46 ft (Comina et al.,
2011).
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Figure 35 Survey location on the BNSF Railroad site represented by yellow line (Google Earth
Pro, 2021, with alterations)
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Figure 36 P-wave refraction data for the BNSF Railroad site
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Figure 37 MASW (a) untrimmed and (b) trimmed measured dispersion data (Array 2) for BNSF
Rail Road site

The inversion was performed using Geopsy with initial theoretical Vs parameters determined
using the available borehole data, and the layering ratio method (Cox & Teague, 2016). At the
BNSF Railroad site, 33 initial models were investigated with over 125,000 inversions performed
for each model (total of over 4.1 million models assessed). Experimentally measured phase
velocity data points at 7.9 Hz and 9.5 Hz were removed from the measured data to facilitate the
inversion analyses. This had an effect on the determined Vs profile, but the data quality in the
measured data at these frequencies appears to be multi-modal and leaving this data in resulted in
poor quality inversion analyses. At this site, a four-layer model yielded a minimum misfit of
0.415. This data and the corresponding shear wave velocity profiles are presented in Figure 38.
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Figure 38 Dispersion curve and Vs profile with 1000 minimum misfit theoretical data for BNSF
Rail Road, Ranchester

At the BNSF Railroad site, an increase in velocity with depth is expected and was modeled
without allowing for velocity reversals. The inversion results are presented in Figure 38 along
with the corresponding Vs profiles. The minimum misfit Vs profile includes a large velocity
contrast at a depth near 10 ft, where the Vs changes from about 420 ft/s to 650 ft/s followed by a
smaller increase in velocity at a depth near 32 ft. A comparison between the soil boring data,
pile driving blowcount, and Vs data as presented in Figure 39. The depth of bedrock predicted
using the boring data is shown by a dashed blue line across all panes in Figure 39. Below this
depth there is an increase in the pile driving blow count. The depth of bedrock predicted by the
Vs profile is a good match to the slight increase in the velocity contrast found during the
inversion analyses.
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Figure 39 Bedrock depth comparison for BNSF Railroad site including a) soil boring
information and b) Vs profile all as a function of depth

2.8 Project Site: Wildcat Creek

The bridge crossing Wildcat Creek, north of Gillette, Wyoming, is a four span, 130 ft long two-
lane bridge. The bridge crosses Wildcat Creek, which is a seasonal drainage river with low
flows. Based on borehole information, the near surface layer consists of loose, silty sand with
fine clinker gravel to a depth near 12 ft.

Beneath the silty sand layer lies stiff slightly moist claystone underlain by dry coal stringers that
belong to the Tertiary Wasatch Formation. Figure 40 shows the existing subsurface profile
(Sullivan, 2018) along with the elevation of the seismic surveys which were conducted near an
elevation of 4075 ft. For this project, two arrays were used to collect data parallel to the road
near the bridge.

One on the North (Array 1) and one on the South (Array 2) as shown in Figure 41. Only data
from Array 1 will be presented herein. For Wildcat Creek, the P-wave refraction analyses yielded
the Vp of the top two layers as presented in Figure 42. The Vp of the surface layer is 1365 ft/sec
and the Vp of the layer just beneath the surface layer is 5467 ft/sec. The Vp data was not used
for any further analyses.
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Figure 42 P-wave refraction data for Wildcat Creek, including all offsets

The MASW data presented in Figure 43 is very smooth at most frequencies except near 12 Hz,
where a slight hump in the fundamental mode is observed. Raw data was trimmed at frequencies
less than 7 Hz and greater than 40 Hz. Based on the experimental data the longest useable
wavelength measured was 150 ft, which yields a maximum depth of investigation of 75 ft
(Comina et al., 2011).
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Figure 43 MASW (a) untrimmed and (b) trimmed measured dispersion data (Array 1) for
Wildcat Creek

36



The inversion was performed using free, open-source software Geopsy. Initial theoretical Vs
parameters were determined using the available borehole data, and the layering ratio method
(Cox & Teague, 2016). At the Wildcat Creek site, 13 initial models were investigated with over
125,000 inversions performed for each model (total of over 1.6 million models assessed). Target
dispersion data at 10.45 Hz and 12.46 Hz were removed so that the hump in the raw data was not
modeled. The authors attempted to model the hump in the phase velocity around a frequency of
12 Hz; however, those models yielded unrealistic velocity layers and values. At this site, a four-
layer model yielded a minimum misfit of 0.492, which corresponds to a good theoretical fit to
the experimental data. This data and the corresponding shear wave velocity profiles are
presented in Figure 44.

At the Wildcat Creek site, an increase in velocity with depth is expected based on borehole data.
To model this appropriately, no velocity reversals were allowed in the inversion analysis. Figure
44 presents the 1000 theoretical Vs profiles, the minimum misfit Vs profile, and the median Vs
profile from the 1000 Vs profiles. Based on the minimum misfit Vs profile, the bedrock layer is
at a depth near 34 ft, which corresponds to an elevation of 4041 ft. At this elevation, the Vs
increases from 800 ft/sec to greater than 1400 ft/sec. A comparison between the soil boring
information, pile-driving record and the measured Vs profile are presented in Figure 45. The
bedrock layer from the boring data is around an elevation near 4037 that is within five feet of
that predicted by the Vs profile.
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Figure 44 Dispersion curve and Vs profile with 1000 minimum misfit theoretical data for
Wildcat Creek
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Figure 45 Bedrock depth comparison for Wildcat Creek including a) soil boring information, b)
pile driving blow count, ¢) max case method capacity and d) Vs profile all as a function of depth

2.9 Project Site: Cedar Street

Cedar Street Interchange, in Rawlins, Wyoming, includes two three span bridges, approximately
130 ft long over highway 287 along Interstate 80 (east and westbound). Based on borehole data,
a dry medium dense silty sand layer at the surface is underlain by the bedrock layer that consists
of tuffaceous sandstone and belongs to the Tertiary Miocene Formation. The soil profile is
presented in Figure 46. Due to limited space, only a single array was used for this site. Seismic
data for this site was collected at an elevation near 6700 ft, as shown by the red line in Figure 46.
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Figure 46 Existing soil profile data for Cedar Street Eastbound Lane obtained from WYDOT
(Johnson, 2009), red line indicates elevation of the seismic survey.

The array was located at an elevation near 6700 ft on the south side of Interstate 80 parallel to
the freeway at the base of the embankment, as presented in Figure 47. For Cedar Street, the P-
wave refraction analyses yielded only a single layer model, as presented in Figure 48.

Figure 47 Survey location on Cedar Street represented by yellow line (Google Earth Pro, 2021,
with alterations)
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Figure 48 P-wave refraction data for Cedar Street

The P-wave refraction data were collected at shot points of 0 ft 52.5 ft, 105 ft, and the other end
of the array 154 ft and yielded a compression wave velocity of the surface layer of 1512 ft/sec.
This data was not used for any other analyses at this site. MASW data was measured using and
impulse source at multiple offsets to determine an experimental dispersion curve. The initial data
obtained shows a curve from 45 Hz to 6 Hz as presented in Figure 49.
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Based on the experimental data the longest useable wavelength measured was 203 ft which
results in a maximum depth of investigation of 101 ft (Comina et al., 2011). The experimentally
measured dispersion was resampled at pre-determined frequencies prior to inversion using the
free open-source software Geopsy. Initial theoretical Vs parameters were determined using the
available borehole data, P-wave refraction, and layering ratio method (Cox & Teague, 2016). At
the Cedar Street site, 45 initial models were investigated with over 125,000 inversions performed
for each model (total of over 5.6 million models assessed). The phase velocity around 8 Hz was
removed to facilitate the inversion, without yielding unrealistic results. The Cedar Street site also
includes a slightly decreasing phase velocity at low frequencies prior to a large increase. This is
indicative of a harder crust at the surface with a softer layer underneath. However, when this
was modeled with a combination of realistic velocities and a few different depths, no realistic
model was predicted. In order to account for this the authors removed the higher frequencies
from the inversion and focused on the phase velocity data at frequencies less than 25 Hz. This
likely had little effect on the Vs determined at deeper layers because the frequencies above 25 Hz
affect the near surface layers. Although this is not ideal, the deeper layers are still likely to be
accurate. Using the data at frequencies, less than 25 Hz a four-layered model yielded a
minimum misfit of 0.788, which corresponds to a good theoretical fit to the experimental data.
This data and the corresponding shear wave velocity profiles are presented in Figure 50.
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Figure 50 Dispersion curve and Vs profile with 1000 minimum misfit theoretical data for Cedar
Street

A comparison between the soil boring data, pile driving and Vs data is presented in Figure 51.
At the Cedar Street site, the depth of bedrock predicted by the Vs profile is within about 3 ft of
the bedrock contact predicted by the soil boring.
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Figure 51 Bedrock depth comparison for Cedar Street including a) soil boring information, b)
pile driving blow count, ¢) max case method capacity and d) Vs profile all as a function of depth

2.10 Project Site: Owl Creek

Owl Creek Bridge is a three span 140 ft long two-lane bridge over a small creek in Hot Spring
County. Based on the existing borehole information, the subsurface consists of a loose to dense
sand and gravel layer from the surface down to a weathered shale, which belongs to the
Cretaceous Age Cody Shale Formation. The soil profile is presented in Figure 52. The seismic
survey was performed at an elevation of approximately 5189 ft as shown in Figure 52. Due to
site constraints, two arrays parallel to the bridge were conducted, as presented in Figure 53. The
two arrays were similar in quality and only data from Array 2 will be presented herein.
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Figure 52 Existing soil profile data for Owl Creek obtained from WYDOT (Smith, 2013), red
line indicates elevation of the seismic survey.
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Figure 53 Survey location on Owl Creek represented by yellow line (Google Earth Pro, 2010,
with alterations)
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For Owl Creek, the P-wave refraction analyses yielded the Vp of the top two layers, as presented
in Figure 54. The surface-most layer indicated a Vp of 2050 ft/sec, and the layer just beneath a
Vp of 6560 ft/sec. These velocities are quite high, and were not used in any further analyses.
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Figure 54 P-wave refraction data for Owl Creek

The MASW data was measured using and active source at multiple offsets to determine an
experimental dispersion curve. Both offsets within the data agreed with one-another and the
initial data obtained showed a very smooth curve from high to low frequencies, as presented in
Figure 55.
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Based on the experimental data the longest useable wavelength measured was 225 ft which
results in a maximum depth of investigation of 112 ft. (Comina et al., 2011). At the Owl Creek
site, 37 initial models were investigated with over 125,000 inversions performed for each model
(total of over 4.6 million models assessed). At this site, a five-layer model yielded a minimum
misfit of 0.949, which corresponds to a good theoretical fit to the experimental data. This data
and the corresponding shear wave velocity profiles are presented in Figure 56.

1400

1200

—
]
o]
<

=]
ol
<

Phase Velocity (ft/s)

600 |

400

Figure 56
Creek

T Exp Disp Data |
—Lowest Misfit
Theoretical RO ]

I (a) Dispersion Curve
1 L L L

10 20 30 40
Frequency (Hz)

Depth (ft)

Velocity (ft/s)
0O 1000 2000 3000
L L — S — T j—
—Lowest Misfit |-
—Median Vs
20 - Theoretical Vs
40 -
60
80
(b) Vs Profile
100 — —

Dispersion curve and Vs profile with 1000 minimum misfit theoretical data for Owl

45



During the inversion process, a number of satisfactory solutions that fit within the uncertainty
bounds provide a satisfactory fit to the experimental dispersion data. In order to characterize
some uncertainty, 1000 Vs profiles that produce the lowest misfit dispersion estimates are also
presented in Figure 56. At the Owl Creek site an increase in velocity with depth is expected
based on borehole date. To appropriately model this no velocity reversals were allowed in the
inversion analysis. Based on the minimum misfit Vs profile a bedrock depth near 21 ft deep is
expected where the Vs increases from about 600 ft/sec to about 1200 ft/sec and a larger increase
in velocity is predicted at a depth of 55 ft from the surface with a Vs greater than 1200 ft/sec.

A comparison between the soil boring data and the predicted Vs profile is presented in Figure 57.
At an elevation around 5169 there is an increase in the velocity that corresponds to the bedrock
depth. At a much greater depth around elevation 5131 ft there is another increase in velocity that
may correspond to hard in-tact bedrock or some other dense layer.

Shear Wave

Velocity (ft/sec)
0 500 1000 1500

(b)

5190

= - 5
Y77 cws 180
11/14-15/

(el

Elevation

5150

5140

Ii
|

7[_ 10| 920%

Figure 57 Bedrock depth comparison for Owl Creek including a) soil boring information and b)
Vs profile as a function of depth

2.11 Conclusion

At most sites the Vs profile provided a very good estimate of bedrock depth, or an increase in Vs
at a depth within five feet of the bedrock layer. It should be mentioned that although the
comparisons between the drill logs, pile driving records, or Vs profiles were shown in side-by-
side comparisons this data was not collected at the exact same location. In fact, at almost every
site; offsets, and interpolation had to be used to make these comparisons. However, the authors
believe that these comparisons still provide a valuable addition to the report and allow bedrock
depth comparisons that could not otherwise be performed.
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The P-wave refraction data collected for this report did not produce results as expected. At
nearly every site, there was a lack of data, or the noise at the site over-powered the compression
wave, making it hard to determine a first arrival. This could be overcome in future experiments
by using a larger source. However, the authors caution that even a larger source may not result
in better data, and other measures may need to be employed. These could include, working at
night, or at times when traffic noise can be minimized, longer arrays, better geophones, better
coupling and other factors. The authors were hopeful that this testing would produce P-wave and
velocity models that would allow us to detect the boundary between weathered and more in-tact
bedrock, however, this was not the case. It is suspected that detecting this layer boundary may
not be possible with current P-wave and MASW testing and inversion techniques.
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CHAPTER 3 DISCUSSION AND CONCLUSION

P-wave refraction and MASW testing was performed at nine bridge sites in Wyoming. At each
site, the seismic testing was compared to drive point data and pile driving logs at the sites where
piles were used. The P-wave refraction data did not produce Vp at the depths hoped for in this
study, and much of the data was not used for anything more than initial guesses in the MASW
inversion analyses. It was hoped that the P-wave data would allow the researchers to measure
the Vp above and below the weathered zone within the bedrock. However, this was not the case,
and at almost every site only the Vp of the top two layers was measured except the BNSF
Railway site where three layer Vp were measured. At each site, the first-arrivals picked at large
distances (second or third layers down from the surface) required the authors to use their best
judgement. This is not unusual when analyzing compression wave data, however the authors
recommend caution when using the Vp of the second or third layers determined at each site.

The MASW seismic data was analyzed using the Frequency Domain Beamformer method
(FDBF, Zywicki 1999) as well as the layering ratio approach as suggested by Cox and Teague
(2016). Inversion analyses employed the program Geopsy which uses the neighborhood
algorithm to search for acceptable solutions for the measured surface wave data (Wathelet,
2008).

Table 2 presents bedrock depths associated with each site determined from boring logs as well as
from MASW testing. At six of the nine sites, the bedrock depth determination is within a foot or
two. At two of the nine sites, bedrock depth was predicted within five to seven feet of one
another, and at Lodgepole Creek the bedrock depth prediction between the drive point and
MASW testing did not match. Overall, the MASW predicted bedrock depth at most of the sites
within a foot or two. It was hoped that this study would show that MASW testing would allow
practitioners at WYDOT to use compression wave and MASW testing and perform fewer
traditional borings. However, an accurate determination of bedrock depth is of paramount
importance when bidding pile driving projects, and the MASW testing did not provide results
accurate enough to negate the need for extra boreholes. Especially when considering pile driving
contracts and how contractors are compensated. Unfortunately, this study showed that the
accuracy needed to determine very accurate bedrock depths, for pile driving, was not possible
using MASW testing.
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Table 2. Comparison of Bedrock elevation and depth for each site

L Elevation of "Bedrock" Depth of Bedrock Beneath Surv?y . ,
Site™ Survey (ft) elevation (ft) | Borehole data (ft) MASVV(;:;VHS]O“ Consistent?
Lodgepole Creek 5037 4969 68 39 No
Parson Street 5095 5039 57 50 Close
Beech Street 5097 5073 24 27 Yes
Muddy Creek 5060 5030 30 28 Yes
Rock Springs 6230 6200 30 32 Yes
Ranchester 3761 3730 31 32 Yes
Wildcat Creek 4075 4036 39 34 Close
Cedar Street® 6700 6678 22 25 Yes
Owl Creek® 5189 5169 20 20 Yes

1 - All values in this table are interpreted from soil profile data and MASW Vs data. They are approximate
2 - All survey elevation data are approximate
A - Cedar Street Vs data includes increase of Vs at depth of 22 ft. but boring data isn't sufficient to confirm increse in stiffness at 60 ft.

B - Owl creek data includes Vs increase around 20 ft which matches boring, however deeper increase in Vs is not verified by boring data

A second goal of this project was to check for correlations between Vs and the other data
including; uniaxial compression strength, rock quality designation, and percentage recovery from
the rock coring. These comparisons are shown in Figures 58, 59, and 60 respectively. A
correlation between any of the three variables would result in a linear trend in data. However,
there is no linear trend, or a trend of any kind between the Vs and the variable chosen. This
could be due to the fact that the MASW testing results in an “average” shear wave velocity of all
layers above the deepest layer, or that MASW testing is performed over a large area and
averages the velocity from that area.
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Figure 58 Correlation between uniaxial compression strength and shear wave velocity
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Whatever the reason, the lack of any type of correlation means that there was no reason to
perform any type of statistically analyses to determine any type of confidence for any of the
correlations.

A third goal of the project was to predict the boundary between the weathered bedrock layer and
the more competent rock below the weathered zone. This soil in this zone has been termed
intermediate geomaterial, with the soil sometimes behaving like a rock and at other times like a
soil. Regardless, none of the Vs profiles at any of the nine sites have any correlation to this zone.
Although the bedrock depth was predicted relatively close at six of the nine sites, even these six
sites showed no increase in Vs that would correlate to a non-weathered bedrock layer. This
could be due to the averaging effect of MASW testing, or due to the fact that weathered rock still
has enough structure intact to transmit waveforms through at a velocity very similar to the in-tact
bedrock.
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Despite challenges associated with determination of bedrock depth, the MASW technique did
provide a measure of stiffness for each site tested. In areas with moderate to high seismic risk
(i.e. the western part of Wyoming) these tests provide valuable stiffness data that can be used for
advanced modeling and design of bridges.

Future work could include more inversion modeling that may reduce or increase variability in the
model, or result in advanced inversion techniques. Rock samples taken from the coring could
also be used to perform shear wave velocity measurements in the lab that may produce more
accurate correlations. It may also benefit the correlations to perform some advanced downhole
or seismic cross hole testing. This can be especially helpful at sites with dipping layers. For any
future researchers attempting to perform compression wave testing along roadways researchers
should include a larger source for P-wave testing. The authors recommend a large active
repetitive source (like a vibroseis) which may allow for deeper, more reliable data. It would also
be advisable when performing MASW testing to collect love wave data, and perform a joint
inversion that includes both love and surface wave data.
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