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Abstract

Geotechnical site characteristics are a function of the subsurface elastic moduli and the
geologic structures. This study integrates borehole, surface and laboratory measurements for a
geotechnical investigation that is focused on investigating shear-wave velocity (Vs) variation and
its implication to geotechnical aspects of the Ogden test site in eastern Kansas. The area has a
potential of seismicity due to the seismic zone associated with the Nemaha formation where
earthquakes pose a moderate hazard. This study is in response to recent design standards for
bridge structures require integrating comprehensive geotechnical site characterization.
Furthermore, evaluation of dynamic soil properties is important for proper seismic response
analysis and soil modeling programs. In this study, near surface geophysical site
characterization in the form of 2D shear-wave velocity (Vs) structure that is compared with
laboratory measurements of elastic moduli and earth properties at simulated in situ overburden
pressure conditions and synergy with downhole Acoustic Televiewer time and amplitude logs,
proved very robust “validated” workflow in site characterization for geotechnical purposes. An
important component of a geotechnical site characterization is the evaluation of in-situ shear
modulus, Poisson’s ratio and reliable and accurate elastic modulus (1) and shear modulus (p)
estimates are important in a good geotechnical site characterization. The geophysical site
characterization, undertaken in this study, will complement and help in extrapolating drilling and

core-based properties deduced by the geotechnical engineers interested at the test site.
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Chapter 1 - Introduction

Key factors to a geotechnical site characterization are S-wave velocities and several
quality parameters. Soil mechanics play an important role in environmental, engineering,
earthquake zonation and hydrocarbon exploration applications and research. Site
characterization analysis can be greatly improved by the combination of non-invasive surface
seismic, laboratory measurements, and invasive borehole methods. Earth properties and
characterization of near surface soil and rock materials can be defined by the combined
interpretation of core analysis, acoustic imaging of the borehole wall, and near surface shear-
wave velocity profile (Hunze et al., 2007). Surface seismic methods can provide parameters
relevant to the dynamic behavior of a large volume of shallow soil, laboratory core analysis
provides earth properties and the acoustic borehole method provides high quality dip and
azimuth measurements for the investigation of fractures, changes in lithology and other

sedimentary features (Hunze et al., 2007).

In the past decade, a sizeable volume of research has been published concerning the use
of seismic methods for geotechnical evaluations and earthquake seismicity surveys. There are
two divisions within seismic methodology; borehole methods and surface methods. Borehole
methods are often viewed as more reliable and accurate, but require an extensive drilling
program that would exponentially increase the cost of most surveys. Surface methods such as
reflection/refraction focus on the propagation of body-waves, but do not satisfactorily image the
near surface layers. In fact, these near surface layers inhibit the imaging of deeper formations.
The surface-wave method is cost effective and better at imaging the near surface because of the
wavelength of the Rayleigh (and/or Love) waves generated by the source (Park et al., 2002; Xia
et al., 2003). Usually Rayleigh waves (ground roll) are the focus of surface seismic surveys, but
there are a few instances where Love waves could be used (Socco et al., 2010). The background
principle of how and why surface-waves are used is based on the dispersive nature of surface-
waves, the fact that different wavelengths propagate/penetrate to different depths and the
corresponding phase velocities represent the elastic properties of the layers which they penetrate

into.



Surface-wave surveys are noninvasive and cost effective, so the additional cost of
laboratory measurements and a limited number of invasive boreholes can improve the processed
results (Xia et al., 1999). Data collected from these auxiliary methods can be used as
constraining parameters for the inversion step; the constrained and unconstrained results can be
compared to see what contrasts exist. Constraints, in theory, improve the reliability of the final
model and make site characterization more comprehensive. Drilling boreholes is an additional
expense but if used sparingly the data will improve results without much of an increase to cost.
An acoustic televiewer can be used to record detailed, oriented caliper and structural information
based on high resolution, ultrasonic travel-time and amplitude images. Borehole measurements
are often the source of constraining parameters in the inversion of MASW data, but laboratory
measurements can also be used for parameterization of the initial model for data inversion. By
analyzing cores in a lab we are able to calculate density (p), Poisson’s ratio (o), Young’s
modulus, Bulk modulus, and P-and S-wave velocities. Data sets acquired through multiple
methods can be compared and parameters can be taken from one and used during the processing
of another. There are a growing number of publications exploring integration and/or joint
processing of various method datasets to improve non-uniqueness, resolution, and accuracy (Xia
et al., 1999; Xia et al., 2003; Song, 2007; Lou et al., 2007; Lou et al., 2011). An example,
beyond the scope of this project, is the joint use of fundamental and higher modes, multi-modal

use can greatly improve results (Lou et al., 2011).

When public safety is concerned improved understanding of the near surface geology for
stability and longevity can be evaluated for large structures such as building or bridges.
Geotechnical evaluations are often done in areas of varying degrees of earthquake zonation and
known areas of faulting or karst formations. When one thinks of earthquake hazards, Kansas is
not the first place to come to mind, but eastern Kansas is considered a zone of moderate hazard
(Kansas Geological Survey, 2000). This moderate zone of seismic activity is associated with the
Nemaha Ridge (Figure 2). The information acquired from geotechnical site characterizations
can be used to design higher quality large-scale structures such as bridges, dams, power plants

and buildings.

Our test site was located close to Ogden as seen in Figure 1. We integrated results from

data sets of three geophysical methods: Multi-Channel Analysis of Surface Waves (MASW),



downhole Acoustic Televiewer, and ultrasonic laboratory measurements of compressional- and

shear-waves velocities and elastic moduli. Surface-wave data was acquired using the Multi-

Channel Analysis of Surface Waves (MASW) method, borehole data was acquired using an

Acoustic Televiewer Imaging system and laboratory measurements were acquired using an

ultrasonic velocity measuring device (ULT 100 system manufactured by GCTS). The data sets

were compared and information from one was used to constrain and improve results from

another.

Figure 1 - site locations Douglas (blue) Riley (red) counties
From KGS
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Figure 2 - Kansas Basin and Uplift Boundaries
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Chapter 2 - Background

There are a variety of different methods that can be employed during a near surface
geotechnical site characterization, limiting factors such as geologic composition, accessibility,
and budget influence the use and application of a method. This project used Multi-channel
Analysis of Surface-Waves (MASW), ultrasonic laboratory measurements, and Acoustic
Televiewer (ATV) imaging. Though the methods differ from one another, the data acquired

from each can be integrated to improve the final analysis.

Acoustic Televiewer

There are two types of televiewers: acoustic televiewers (ATV) and optical televiewers
(OTV). Acoustic televiewers (ATV) were first developed in the late 1960’s by the petroleum
industry, though a limited number of researchers used the device earlier (Williams and Johnson,
2004). Widespread use occurred in the mid to late 1990’s, mainly for ground-water studies. The
first standalone optical televiewer system (OTV) was created in 1987 but its use was limited to
groundwater studies because they were not compatible with common and widely used logging
systems at first (Williams and Johnson, 2004). Most ATV tools have a length of 1.7 —3.7m
with a diameter of 40-50 mm and the systems use an ultrasonic pulse echo setup witha 0.5 - 1.5
MHz transducer (Williams and Johnson, 2004). The ATV system could have one of two types of
transducers, the more common rotating transducer in which the beam is moves or a fixed
transducer in which the acoustic beam is fixed but a rotating convex reflector (Figure 3) bounces
the beam 360° as the device is pulled up hole (Williams and Johnson, 2004).

In certain situation either ATV or OTV is optimal for imaging. ATV is better at
recording fractures in darker rocks and recording in less than ideal conditions such as water or
light mud-filled boreholes and can image through plastic casing when borehole wall stability is a
concern (Williams and Johnson, 2004). But when wall stability is not a problem, such as
imaging in solid granite/rock, OTV would record images with higher detail. As well as clearly
imaging walls with iron staining, chemical precipitations or bacterial growths (which can
indicate flow of ground water and/or contamination). In near surface investigations ATV has a

distinctive advantage over OTV. ATV can image through plastic PVC casing while OTV



cannot, with OTV casing is only used in unstable soil areas to keep the borehole open. The
cased soil areas usually are disturbed at the borehole wall so fractures cannot be resolved but soil
transitions can be detected by an ATV (GeoVision; Schepers et al., 2001). In situations where
both ATV and OTV can be used, images can be integrated and when the images from both are
compared discrepancies of fracture location and orientation can be seen though some
discrepancies can be expected because of how the tools respond differently, this can be resolved

during integration (Williams and Johnson, 2004).

1 2
. . A
orientation )
system tool borehole fluid
acoustic
transducer 2
2
rotating =
mirror g
motor
| -
< !
borehole wall traveltime
(a) (b)

Figure 3 - ATV Multi Echo (Deltombe and Schepers, 2004)

Neither kind of televiewer records seismic velocity data. An acoustic televeiwer with a
multi echo system emits a signal and records what reflects off the casing and then the borehole
wall, resulting in imaging of both casing and borehole wall. The imaging is created from the
amplitude and the time data of the reflected signal. While an OTV collects actual photos of the
borehole hall, requiring a lighting system and no casing. The ATV creates photographic-like
images from the transit time and amplitude of the reflected signal and high-resolution caliper
logs can be generated from the transit time data (Williams and Johnson, 2004). For an ATV the
contrast between the acoustic impedance of the borehole fluid and the borehole wall can provide
the relative hardness of the borehole wall. Fluctuations in the borehole wall, or borehole
deviation, can inhibit the detection of changes in lithology, foliation, bedding and sealed
fractures if the acoustic contrast is not sufficient (Williams and Johnson, 2004). Image
orientation and tool centralization are critical for high quality data and accurate structure
orientation. A three-axis fluxgate magnetometer and three accelerometers are used for the
orientation of a televiewer, the magnetometer and accelerometers allows for an oriented borehole

wall image and the true three-dimensional location of the measurement. Centralization of



boreholes is accomplished by the use of steel, brass, plastic or rubber sliding end bowsprings,
depending on the size of the borehole. With an ATV if the tool and resulting images are
decentralized there will be a vertical striping/stripping of transit-time and amplitude images, and
a decentralized OTV log would display similar light and dark bands (Williams and Johnson,
2004).

Laboratory Measurements at Ultrasonic Velocities

Laboratory measurements are meant to independently measure or calculate elastic
properties of rock samples. Generally there is an attempt to simulate the in-situ conditions of
each sample; pressure or fluid (Ohsaki and Iwasaki, 1973; Han, 1986; Zhang and Bentley, 2005).
For near surface sedimentary units it is risky to incorporate fluid and pressure, the result could be
highly destructive if pressure is not applied equally over all surfaces of the sample. There are
two categories laboratory tests fall under, static and dynamic. Static tests cause permanent
deformation in the sample. Dynamic tests apply a small stress and strain; any resulting
deformation is not permanent and allows the specimen to go through the sampling process

multiple times (Zhang and Bentley, 2005).

Elastic Moduli and Earth Properties

The elastic properties can be split into two categories for simplification: the elastic
moduli and earth properties. The elastic moduli (1) group is composed chiefly of Young’s
modulus (E), Shear modulus (i) sometimes called Rigidity modulus and Bulk modulus (K). The
more easily measured and more commonly used earth property group consist of P- and S-wave
velocities (V, & Vs), density (p) and Poisson’s ratio (o). In engineering application, sometimes
the elastic modulus is used when referring to Young’s modulus. As long as two elastic
properties are known (eg. E, G or K) the others can be calculated. Young’s modulus is the ratio
of stress to strain, the Shear modulus describes the response to shearing strains and the Bulk
modulus is a measure of resistance to uniform compression. The V,, and V; values are derived

from the elastic moduli and density.

The elastic moduli can be affected by cracks, pores or the presence of fluids. The

behavior of pore fluids effect stiffness. Dynamic tests using high frequencies give little time for



the pressure of the pore fluids to redistribute and reach equilibrium, resulting in the sample to
appear stiffer (Zhang and Bentley, 2005). For wet rocks, the moisture in pore spaces will cause
an increase in the elastic moduli, the increase is generally greater for the bulk modulus than in
the shear modulus, also Poisson’s ratio increases with increasing water saturation. The elastic
moduli are important variables for site characterization but are values primarily used by
engineers. Geologists focus more on physical properties such as Vs, V,, density (p) or Poisson’s

ratio (o).

Poisson’s Ratio: Background and Sensitivity

Poisson’s ratio can be described as either, the measure of the compressibility of a
material perpendicular to the stress applied, or the ratio of latitudinal to longitudinal strain.
Poisson’s ratio in geological publications typically uses the symbol (o), while engineering
publications almost always the symbol (v), in very rare cases Vs/V,, has been used but should not
be confused with the V,/V; ratio. Poisson’s ratio typically ranges between 0.0-0.5, the value
range for most geologic material is typically between 0.05-0.45 (Gercek, 2007). There are two
methods for calculating Poisson’s ratio, static and dynamic, which will be discussed shortly.
Poisson’s ratio is influenced by several factors; rock composition, water saturation,

depth/effective pressure and cracks/pore space.

The dynamic Poisson’s ratio (vq or 64) IS calculated from the measurements of
compressional (V) and shear velocities (Vs) from seismic data, sonic well logs, or laboratory
measurements (Equation 1 and Equation 2). The static Poisson’s ratio (vs or 65) method involves
a uniaxial loading test used to calculate the ratio of radial strain and axial strain (¢,/¢;), often used
for engineering applications. The difference between static and dynamic comes/arises from the
strain amplitude and frequency applied (Zhang and Bentley, 2005). The static method applies
large stress that yields large strain, causing the sample to have irrecoverable deformation. The
dynamic method involves tests (sonic, laboratory, etc.) focused on the propagation of the signal
through the site/sample at small stress and strain, causing small elastic deformation. These
factors make dynamic less destructive, more cost effective, and more time efficient. Even with
the advantages to dynamic Poisson’s ratio it is considerably different from static Poisson’s ratio

(Zhang and Bentley, 2005). In our project dynamic Poisson’s ratio was calculated from



ultrasonic laboratory measurements. The calculated Poisson’s ratios along with the calculated

densities of core samples were used as confining parameters for the surface-wave inversion.

. (Vp/vs)z — 2
2 (Vy/Vy)2 -2

Vg

Equation 1 - Poisson’s Ratio
or

(Vo/Vs) = [(1 —va) /G —va) [/

Equation 2 - Poisson’s Ratio

Factors that influence Poisson’s ratio include the propagation of V, and Vs which
depends on rock composition, depth/effective pressure and cracks/pore space. Each propagate
differently through different rock types because of the; cementation, crystal size and shape, pore
space, water content, etc., (Zhang and Bentley, 2005). Also, depending on the effective pressure
cracks may or may not be influential to Poisson’s ratio, but moisture content will always be

influential.

The rock composition influences Poisson’s ratio because the composition effects how the
wave (seismic, ultrasonic, etc.,) propagates. A method for clastic rocks focuses on clay content
for a rough estimation (Zhang and Bentley, 2005; Han, 1986). There is an (AVO) assumption
that the Poisson’s ratio of a dry rock is approximately equal to the Poisson’s ratio of the
composing minerals (Mavko et al., 1998). This method is debatable, especially in our instance
when our samples were only ambient dry (not oven dried). Few geologic publications describe
or discuss acceptable near surface Poisson’s ratio ranges for elements, minerals, or rock types.
One publication that does discuss reported/acceptable ranges is (Gercek 2007), but the moisture
content is not specified, even though in the paper it is noted “[...] values of Poisson’s ratio of
[saturated] rocks are larger than the drained values” (Gercek, 2007). The state of saturation of a
sample is important, moisture will cause the P-wave velocity (V) to increase, resulting in a
larger Poisson’s ratio. Cracks and pore spaces effect/affect the amount of moisture a sample can

hold when saturated and with increased moisture results in increased Poisson’s ratio.

In-situ and simulated laboratory overburden (burial depth) or effective pressure has an

effect on Poisson’s ratio, with sufficient pressure most thin cracks will close and not influence



the ratio. There is evidence that at shallow depths Poisson’s ratio is not consistent and can vary
for a variety of reasons (eg. lithology etc.,) (Nicholson and Simpson, 1985; Boore and Joyner
1997). Just below the water table Poisson’s ratio generally is close to 0.5, from this point down
to at around 3~4 km (1.86~2.48 mi.) the ratios gradually reaches a value near 0.25 (Nicholson
and Simpson 1985; Boore and Joyner 1997; Boore et al., 2007).

Cracks can be defined as pores with low aspect ratios, the influence cracks have over
Poisson’s ratio is dependent upon the saturation state of the sample as well as the amount and
orientation of the cracks (Zhang and Bentley, 2005). If we were to analyzes the difference
between static and dynamic elastic properties we would see that, when cracks occur in a small
amount of the total volume, the ratio of static versus dynamic Poisson’s ratio will approach one
(Zhang and Bentley, 2005). At high effective pressure cracks and pore spaces have little
influence on the value of Poisson’s ratio, the opposite is true when at low effective pressures. A
sample with a substantial amount of cracks will have a significant decrease in Poisson’s ratio, but
if there are few or very thin cracks the rock or mineral composition will be the primary influence
(Zhang and Bentley, 2005). Pore spaces do not respond the same as cracks when exposed to
laboratory induced effective pressure; their presence remains. Dry pores will inhibit Vp and
moisture in the pores (saturated) will speed up V,. V, in a dry porous medium like limestone
would be slower than it would be in a saturated limestone. Rock types characterized as having

little or few pore spaces will show little variation.

Our samples do not exhibit substantial pore space, but are near surface sedimentary units.
The main points we will focus on will be rock composition and saturation. During the inversion
process we will use the laboratory measurements of Poisson’s ratio and density to constrain the

inversion process.

Poisson’s Ratio: The Debate
The debate behind Poisson’s ratio could fill a book (if anyone bothered to write it)(
Ohsaki and Iwasaki, 1973; Nicholson and Simpson, 1985; Han, 1986; Boore and Joyner, 1997;
Brown et al., 2002; Gretener, 2003; Boore et al., 2007; Gercek, 2007). For our project the value
of dynamic Poisson’s ratio was calculated from Vs and V). Since V, is affected by the degree of

water saturation while Vs is not, the result will vary depending on water saturation. Therefore,



laboratory measurements and in-situ measurements of Poisson’s ratio will differ from one
another. The same can be said about the Poisson’s ratio taken above and below the water table
(loosely regarded at top of saturation zone). The location of the water table is something that
seems to fall between the ‘cracks’ in the debate and is at the root of the discussion Boore had
with Ozdogan (Oz) Yilmaz (Boore et al., 2007). This was an important concept/element that we
had to take into account during the final processing steps. When constraining the final inversion
the dry laboratory measurements were used. | must note that our cores were not dried in an oven
and were not kept in sealed containers, so they were affected by ambient humidity. Also, it must
be kept in mind that our samples were measured at ultrasonic frequencies/velocities, regardless
the Poisson’s ratio and density will be the same (Han, 1986). We could not compare the
ultrasonic Vs and V,, velocities to the seismic velocities often reported by scientists (did not have

a conversion from ultrasonic to seismic).

For a brief historical account of the birth/development and maturation of Poisson’s ratio,
Gercek (2007) is a good source. Primarily the debate centers on what is an acceptable
assumption for Poisson’s ratio. There are scientist/scholars who argue Poisson’s ratio does not
fit naturally into seismic equations, but that argument is from the engineering perspective, that
geology should be uniform and fit neatly, geology will never fit neatly anywhere. The debate
over assumed values of Poisson’s ratio is complicated by the fact variables that affect it are not
taken into account (water table, depth, etc.,). The most common values of Poisson’s ratio that
are often assumed during processing (inversion) are 1/4 (0.25), 2/3 (0.33), and a value
approaching, but not exceeding 9/20 (0.45). The proper application of each assumption are not
well defined, and often assumed with little investigation. Often the same value is applied to all
depths, above and below the water table. Poisson’s ratio is effected/affected by water saturation

and should not be disregarded.

Often assumptions regarding associations, not observations are made. So the distribution
of Poisson’s ratio is often assumed to be one of three things; 1. It is constant, 2. it is a function of
depth, or 3. it is a function of Vs. For the constant the most commonly used values are either
0.25 or 0.33, but for near-surface materials Poisson’s ratio is not predictable and can vary greatly
(Figure 4 and Figure 5). At depths greater than 3km Poisson’s has a general trend of

approaching 0.25 (Nicholson and Simpson, 1985). A value of 0.33 is sometimes assumed to be
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the value of material above the water table (Brown et al., 2002). But depth is not the overriding

factor, as mentioned previously saturation state is a factor along with rock composition.
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MASW Acquisition

Multi-Channel Analysis of Surface Waves

There are two widely used surface-wave acquisition set-ups; Spectral Analysis of Surface
Waves (SASW) and Multi-Channel Analysis of Surface Waves (MASW). Either can be utilized
for near surface site characterization but differ in acquisition and data handling. SASW was
introduced in the early 1980°s and utilizes spectral analysis of ground roll (Park et al., 1997).
The components include 2 receivers with a seismic source; the receivers do not have a specific
offset because during acquisition the receivers are moved to cover the desired area and depth.
Constant rearrangement of the receivers caused the process to take several hours and covering a
large area is difficult. SASW was introduced by Stokoe and others at the University of Texas
Austin but over time has been replaced by the faster MASW method (Park et al., 1997).

The MASW method, a field layout is shown in Figure 6, also focuses on Rayleigh-waves,
but the setup is different than SASW. Researchers at the Kansas Geologic Survey (KGS)
developed this acquisition technique approximately 15 years ago. There can be 12 or more
receivers with consistent spacing; this set receiver configuration makes acquisition fast. In the
MASW method there are two divisions based on the source used, if an impulsive source is used
it is called MASWI but if a vibroseis is used it is MASWYV. The distinction is important because
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when an impulsive source such as a hammer is used, the frequency-domain (CCSAS) approach
is used but when a swept source like a vibroseis is used a time-domain approach is used (Park et
al., 1997). A hammer is cheaper, easier and faster, but it is difficult to control the spectral
contents of the generated surface waves (Park et al., 1997). The bandwidth of the recorded

surface-waves tends to be narrower, which limits investigation depth and resolution.

Surface-Waves

Surface-waves do not penetrate as deeply as body-waves; instead they travel near the
earth’s surface (Figure 6) along a boundary between two differing mediums, such as earth-air or
earth-water boundaries. The dispersive nature of these waves means velocity changes as a
function of frequency, which is then exploited to create a near-surface shear-wave velocity (Vs)
profile. Rayleigh-waves are generated by P- and S-waves interfering with one another.
Rayleigh-wave particle motion is in the vertical direction while Love-wave particle motion is in
the horizontal direction (Figure 7). We are not concerned with Love waves in our study because
when both vertical receivers and a vertical source are used Love waves are often not recorded.
Ground roll, a component of Rayleigh wave, accounts for more than two thirds of generated
seismic energy and is often recorded well by the multi-channel method. As mentioned earlier,
Rayleigh waves are almost always dispersive, except when a solid homogeneous half-space is
encountered (Xia and Miller, 2010). Rayleigh waves penetrate approximately as deep as the
length of one wavelength. Longer wavelengths penetrate to greater depths, usually having
greater phase velocities, and are more sensitive to the elastic properties of deeper layers. Shorter
wavelengths are sensitive to physical properties of the shallower layers. The contrast between
short and long wavelengths is the reasons each individual mode will exhibit a unique phase
velocity for each unique wavelength, causing the dispersive nature of the wave in layered
material (Xia and Miller, 2010).
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MASW Data Inversion and Integration

Inversion and Integration

The shear-wave velocity (V) of near surface materials and its effects on seismic-wave
propagation are the fundamental interest in many groundwater, engineering and environmental
studies. A V profile can be extracted from the inversion of MASW data. The inversion results
can be improved by additional data; addition of higher modes, earth properties, etc., (Xia et al.,
1999; Xia et al., 2008). In this project the surface-wave data does not exhibit applicable higher
mode characteristics so we focus on the addition of earth properties and elastic moduli as
confining parameters (density, thickness, and Poisson’s ratio). These additional confining
parameters are measured independently of the MASW method. Commonly, independent data is
measured using a borehole method but is expensive. For this project our independent
measurements were taken from rock cores in a laboratory at ultrasonic frequencies, a less

expensive method.

Before confining our data it is important to understand how sensitive surface-wave data
might be to a confining parameter. The data may be more sensitive to one parameter than
another; this can be determined by observing the change in the Rayleigh-wave phase velocity. In
Xia’s 1999 publication the effect of four earth properties and their influence on phase-velocity
were examined; Vs, V,, density and layer thickness. As expected, Vs was the most influential,
this is why the inversion of Rayleigh-wave dispersive data is asserted as an accurate method to
calculate a Vs profile, but Vp is the least influential (Xia et al., 1999). Layer thickness is the
second most influential parameter but is dependent on the number of layers at the investigation
site. Third is density, its influence is consistently the same across different rock types and is

stronger influence than Vp.

When the thickness of a layer model is increased by 25% there will be a change of 16%
in the Rayleigh-wave phase velocities (Xia et al., 1999). Layer thickness has a noticeable effect
on Rayleigh-wave phase velocity, but is often eliminated from the inversion process because the
subsurface can be subdivided into many thin layers with constant and distinct V. Xia et al.
(1999) concluded that since the phase velocity was most sensitive to changes in Vs, the inversion

of Rayleigh-wave dispersive data adequately calculates V5. The final two parameters are density
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(p) and V,, both of which can be accurately measured. A 25% increase in density results in
approximately a 10% change to the phase-velocity. It is easy to obtain real world density with
accuracy greater than 25%. V, is much less influential than density. If V, is increased by 25%
the phase velocity is only subtly effected an average change of 3% is observed (Xia et al., 1999).
Even though it has a weak influence, the accuracy like density only varies within 25% of actual.
According to Xia 1999, from the order of most influential to least are Vs (39%), thickness (16%),
density (10%) and V, (3%).

In additional to these 4 previously mentioned earth properties Poisson’s ratio can also be
employed as a confining parameter. The ratio is calculated from V, and Vs, it is a unitless value,
therefore when calculated from seismic and ultrasonic data each should be relatively similar or
close to one another (Han, 1986; Grochau and Gurevich, 2009). Since our laboratory
measurements are at ultrasonic frequencies/velocities we cannot directly input these values as
constraints, but we can use them to determine Poisson’s ratio. How the parameters can be

integrated will be discussed later in the paper.
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Chapter 3 - Geologic Setting

Tectonic Setting and Seismicity

The majority of Kansas is classified as an area of minor earthquake risk except for the
two known areas of anomalously high seismicity, the Nemaha Ridge and the Midcontinent Rift
(Figure 2 and Figure 8). The Nemaha Ridge is classified as a zone of moderate hazard that
extends across the state from Omaha, Nebraska to Oklahoma City, Oklahoma. The Ridge is
associated with a structural high in the underlying granitic/crystalline Precambrian basement; it
is approximately 415 mi. (670 km) long and 13 mi. (30 km) wide. The Nemaha Ridge formed
~300 Ma and has active faults on the east (Humboldt fault zone) and west boundaries (Burchett
et al., 1985; Kansas Geological Survey, 2000). Another item of tectonic interest is the proximity
of the Midcontinent Rift, approximately 50 mi. (80 km) west of the Nemaha Ridge. The
Midcontinent Rift formed approximately 1100 Ma and is considered a failed rift that in Kansas,
cuts through older Precambrian basement and is filled with gabbro, basalt and metasediments
(Merriam, 2010). The rift spans from the Lake Superior Region through Minnesota into lowa and
through southeast Nebraska and into central Kansas. It is only 30 - 50 mi (50 - 80 km) wide in
Kansas. The Humboldt fault zone (Figure 8) is located to the eastern side of the Nemaha Ridge,
shown in Figure 8. This feature passes near Wamego, east of Manhattan, and strikes to the
south, just east of Wichita. There is a definite correlation between earthquakes and the tectonic
structures in the Humboldt Fault zone (Burchett et al., 1985). Several moderate earthquakes of
magnitude 5 or greater have occurred along the west side of the Nemaha Ridge, but the areas of
highest seismic activity are along the eastern side of the Humboldt Fault zone. Any earthquakes
near Manhattan, Kansas (Ogden site) are most likely associated with the Humboldt Fault zone
(Burchett et al., 1985). Micro-earthquakes in northeastern Kansas are also likely associated with
continued glacial isostatic adjustment or rebound; the area is in close proximity to the southern
limits of Kansas glaciation. Burchett et al., 1985 concluded that eastern Kansas earthquakes
were related to the know structural features of the area and the most likely region of future
earthquake activity would be along the eastern boundary of the Nemaha Rift (Uplift), the
Midcontinent Rift and basin boundaries associated with the two.
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Surface Stratigraphy and KDOT Borehole Records

The Ogden site is in Riley County, KS and is located within the Nemaha. The Nemaha
Ridge separates the Salina and Sedgwick basins from the Forest City and Cherokee basins as
displayed in Figure 2. Figure 9 depicts the age of geologic materials exposed at the surface and a
simplified cross section our site; has Permian units over Pennsylvanian units. Of the three
boreholes, the Sevenmile borehole has Permian and Pennsylvanian material but the cores from
the Ogden North and Ogden South boreholes only exhibit Pennsylvanian. In the cross sectional
view of Figure 9 you can see faulting between Geary and Wabaunsee counties, this faulting is
unlabeled but appears to most likely be related to the Nemaha Uplift Figure 2.
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All units observed in the borehole records, excluding alluvium, are part of the Council
Grove group (Figure 10) and most from Sevenmile, fall within the Permian (299.0 to 251.0 Ma)
and the remaining units are part of the Pennsylvanian (318.1 — 299.0 Ma) (Smith, 2011). In
March of 2010, the Kansas stratigraphic nomenclature was updated and the separation between
the Permian and the Pennsylvanian falls between the Bennett shale and the Glenrock limestone.
Both are part of the Red Eagle limestone and the boundary is only seen in the Sevenmile

borehole. The Ogden site is within the Nemaha Ridge area and is in the Kansas River floodplain




resulting in a very thick layer of alluvium that is 51 ft thick in the Sevenmile borehole and 61 to

62 ft. thick in the Ogden North and South boreholes (Figure 29).
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Figure 10 - 2010 Geologic Column From KGS

The Ogden test site is close to the edge of the Nemaha Uplift and has thick
unconsolidated or poorly consolidated alluvium and sedimentary deposits. These thick deposits
of unconsolidated sediment/alluvium at the surface intensify the potential seismic hazard because
of the increased risk of liquefaction. This alluvium consist of silty clay and sands with some
gravel at depths, it ranges between 51 — 62 ft. thick. The bedrock formations are consolidated
sedimentary rocks, some of which crumble when exposed to water and pressure. The Johnson
Shale Formation is present in all three borehole records, but the Permian units are missing from
the North and South boreholes. In the Sevenmile borehole, the Roca Shale, Howe Limestone
and Bennett Shale all exhibit signs of weathering and uncharacteristic qualities, presence of silty
limestone and absence of distinctive coloring. Possibly the units were eroded away in the
locations of the North and South boreholes or the units thinned and were heavily weathered to

the point the units did not survive the coring process. The Glenrock Limestone Member (1.2 ft.)
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showed little sign of weathering but was still absent from the North and South boreholes; either
the units were very heavily weathered and did not survive the coring process or possibly the unit
was completely eroded away between the Sevenmile borehole and the North and South
boreholes (KDOT, 2009; KDOT, 2011). The Sevenmile data will be dropped form further
discussions since it was considerably farther from the MASW acquisition then the North and
South boreholes. Due to correlation issues, further analysis of the lithology will be discussed

later in the paper.
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Chapter 4 - Methodology

There are a variety of different methods that can be employed during a near surface
geotechnical site characterization, limiting factors such as geologic composition, accessibility,
and budget influence the use and application of a method. This project used Multi-channel
Analysis of Surface-Waves (MASW), ultrasonic laboratory measurements, and Acoustic
Televiewer (ATV) imaging. Though the methods differ from one another, the data acquired

from each can be integrated to improve the final analysis.

Acoustic Televiewer

In this near surface project, since OTV cannot image through casing, only ATV imaging
was used. The ATV used was a downhole-digital, fixed high-frequency transducer and multi-
echo system, along with a diameter of 40mm, required a PVVC casing with a minimum 2.5 in.
inner diameter. During acquisition the fixed transducer emitted an acoustic beam and a rotating
convex reflector bounced the beam 360° as the device recorded while pulled up-hole (Williams
and Johnson, 2004). The only problem was the provided centralizers were to large for the PVC
pipe, we had to construct our own centralizers out of paint rollers, rubber grommets, zip ties and
tape (Figure 11 and Figure 12). The casing used was schedule 40 with flush threading (aka acme
threading), an inner diameter of 2.445 in., and outer diameter of 2.875 in. and an inner pressure
rating of 250 Ib.. Multi-echo systems can image the borehole walls through the plastic
pipe/casing that is used when there is a chance the walls are unstable and might collapse. Each
PVC casing segment was 10ft. long, with threading making them slightly shorter (~2 - 3inch).

Figure 12 - ATV Stabilization System close up

Figure 11 - ATV Stabilization System
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Ultrasonic Velocity Measurements

For laboratory measurements samples were prepared using a wet/dry rock saw, the use of
water was avoided as much as possible for consistency because some samples were near surface
moderately consolidated sedimentary rocks. Portions of the cores provided by the Kansas
Department of Transportation (Figure 13 and Figure 14) were fragmented, resulting in the length
of the cut samples to range from 2 in. to 4 in. long. In sections with less fragmentation the
longer samples were prepared (RS3 11.219 in.). Physical properties include density (p) of
samples are listed in Table 1. Figure 15 shows a prepared core; preparation required the ends to

be cut smooth and parallel in order for proper wave propagation.

North (Ogden, Riley CTY) Physical Properties of Cores

ID Density Lt. Dia. | Top dpt. Bot. Avg. Core | CSet C R RQD Lt. Dia. Mass
(g/lcm”~3) | (in.) (in) | (ft) dpt. (ft.) | dpt. (ftf) | Set dpt. (mm) | (mm) | (g)

RN1 2.22 5450 | 2.00 | 64.875 65.329 65.102 Core | 635- | 3 27 | 21 139 51 629.8
2 66.5 3.0

RN3-S | 2.24 5.670 | 2.00 | 67.042 67.514 67.278 Core | 665- | 2 2 1.6/ 1445 | 51 660.4
3 68.5 2.0

RN3- 2.24 5.670 | 2.00 | 67.042 67.514 67.278 Core | 665- | 2 2 1.6/ 1445 | 51 661.5

R 3 68.5 2.0

RN5 24 6.4375 | 2.00 | 70.792 71.328 71.060 Core | 68.5- 5 5 100 1625 | 51 796.1
4 735

RN6 2.16 7.625 | 2.00 | 72.427 73.063 72.745 Core | 685- | 5 5 100 192 51 849.0
4 735

RN7 2.16 9.875 | 2.00 | 74.333 75.156 74.745 Core | 735- | 5 5 100 250 51 1101.2
5 78.5

RNS8 2.25 7.625 | 2.00 | 75.198 75.833 75.516 Core | 735- | 5 5 100 194 51 893.5
5 78.5

RN9 2.26 9.250 | 2.00 | 75.833 76.604 76.219 Core | 735- | 5 5 100 2335 | 51 1076.3
5 78.5

RN10 | 2.27 8.688 | 2.00 | 77.609 78.333 77.971 Core | 735- | 5 5 100 220 51 1019.5
5 78.5

Table 1 - Physical properties of South borehole (KDOT North)
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Figure 13 - North core set (KDOT South)
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Figure 14 - South core set (KDOT North)

Figure 15 - A prepared core sample
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The ULT 100 testing system transmitted P- and S-waves through the sample allowing
estimation of P- and S-wave velocities to calculate Poisson’s ratio (c), Bulk modules (K),
Young’s modulus (E) and Shear (Rigidity) modulus (p). The ULT 100 testing system was
combined with a manually operated hydraulic press; this set up can be seen in Figure 16. The
cores were originally tested at 250 Ibf (pound per foot) pressure increments starting at 0 Ibf and
going up to 1000 Ibf. After these initial tests, it was determined that pressure increments of
301bf, half in-situ Ibf and in-situ Ibf would be efficient. The value of density (p) did not change
with variation of pressure so only one value is given. No acoustic coupling (e.g., honey,

petroleum jelly) was used; it would have contaminated the sample and required washing/rinsing,

which for some samples would have destroyed them.

SRS S ~

' Figure 16 - ULT system and hydraulic press setup

The simulated in-situ overburden was calculated using the assumption that 1 ft. of
overburden was equal to 1 Psi and the unit conversion of 1 Psi is equal to 1 Ibf/in?. For each core

sample the average depth (middle) of each sample was taken from the KDOT borehole reports
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and was calculated using the equations below (Equation 4 and Equation 5). Figure 17 shows a

core sample placed in the press and simulated overburden being set.

b
xl—j;

1ft=~1Psi -
in

Equation 3 - Units for overburden calculation

Force (Ibf)

Surface Area (in%)

Pressure (Psi) =

Equation 4 - Calculating Psi

lb
(Avg. insitudepth in ft [é]) (Surface area of core [in?]) = Calc. Insitu [Ibf]
n

Equation 5 - Calculate in-situ Ibf for middle depth of core sample
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Figure 17 - Close up of core sample in hydraulic press while applying calculated overburden

The samples were run in batches based on their length due to the cumbersome limitations
of adjusting the hydraulic press. On the screen captures of ULT program (Figure 18, Figure 19,
Figure 20 and Figure 21) the P- and S-wave waveforms can be seen, the waveforms displays
amplitude maximums and minimums, along with the change of wavelength over time at the
initial test overburden of O Ibf and 1000 Ibf applied to the Douglas county sample. The different
increments showed the behavior and visibility of the waveform is dependent on the simulated
overburden applied. Graphs of the P- and S-wave waveforms at the three simulated overburdens
at the three different increments of pound per foot applied to the sample can be seen in Figure 23
and Figure 24. Waveforms for all samples suitable for picking can be found in the appendix.
Methodology behind picking will be discussed in the next section and further analysis of samples

will be presented in the results section.
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Figure 20 - P-wave sample of DSHVF6 at 1000 Ibf Figure 21 - S-wave of sample DSHCF®6 at 1000 Ibf

Methodology Behind Picking of Waveforms

As mentioned in the previous paragraph, picking of the waveform was an important
aspect of the laboratory measurements. Picking for the P- and S-wave were initially approached
differently. The S-waves, the waveforms from the three chosen effective pressures were
compared and the point at which the waveforms consistently oscillated but started diverging
from one another was designated as the optimal picking point. The P-waves proved more
difficult, initially the picking point (blue arrow in Figure 22) was where the middle point
between where waveform initially peaked then tapered down before the signal started to
oscillate. This zone was where the signal first started to oscillate and did so inconstantly due to
background noise. There was a problem with the initial picking point, from this picking point

the calculated value of Poisson’s ratio (o) (~0.45) was to high and not suitable for an ambient dry
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core sample (Brown et al., 2002; Boore et al, 2007; Gercek, 2007). The P-waves were re-
evaluated and it was determined the most repeatable point of picking was when the three
waveforms diverged from one another (Figure 24). This yielded a Poisson’s ratio lower than
expected but within the acceptable range set forth by Gercek (2007). This complication is the

reason for the extensive research into Poisson’s ratio.

0.15

1
/\
i N A Y/ N A
e S N =Y k=
\‘//

y \ / ol \ / \ |

Y100

Figure 22 - RN5 P-wave Picking evaluation (Poisson’s Ratio Value). Blue Arrow Standard picking. Purple arrow Altered
picking. Red arrow is to close to zero.

29



Title

0.15

0.1

0.05

-0.05

-0.1

-0.15

-0.2

RN5 S-Wave

ﬁ
e

1
250

Title

Raw Signal 30 Ibf

Raw Signal 220 Ibf Raw Signal 440 Ibf

Figure 23 - S-wave waveforms at 3 pressure increments

(volts)

0.5

0.4

03

0.2

0.1

-0.1

-0.2

-03

-0.4

-0.5

RN5 P-Wave

250

(Msec)

Raw Signal 30 Ibf

Raw Signal 220 Ibf Raw Signal 440 Ibf

Figure 24 - P-wave waveforms at 3 pressure increments

30




Ultrasonics Setup - Viewing loaded file for, Specimen [RN5] - File: [440 Lbf.ult]

Specimen ID: |RN5 Boards Setup] Specimen] Methods Results Final Result
Description: [440 Lbf P Velocity: (4769 (m{s)

S Velocity: |2550
5 Velocity: ESSB (mis] | M elocity: li [m{s]

Set to Manual u - Poisson's Ratio: |0.30
Arrival Time: 0.08 [msec) Young's Modulus: [40527188  [kPa)

Bulk Modulus: |33754964 (kPa)
Shear [Rigidity] Modulus: 15588638 [kPa)

| | -
P wavel 5 wavel et Wavelst =

Load | Save | Export| Close |

I” Fixed Auto Scale| Zoom||_ Filter - Setup| CCopy| Signal ~| Clear | Total Waves: |8

0.01

—0. 02|}k

-0, 05| -

= o 0.04 0.08 0.12 0.16
5l 1 ol Time (mzec) i i
k:_ Tu/a Imsec_ [rest: fu/a [vores | Kl J 2l

Figure 25 - S-wave picking

[}
[
[}

Ultrasonics Setup - Viewing loaded file for, Specimen [RN5] - File: [440 Lbf.ult]

Specimen ID: |RN5 Boards Setup] Specimen] Methods Results Final Result
Description: [440 Lbf P Velocity: [4769 (m{s)

S Velocity: |2550 [m{s)
pyetacy: | L JGG | | Resettosve

u - Poisson's Ratio: |0.30
Arrival Time: |0.05 [msec] Young's Modulus: 40527188 (kPa)

Bulk Modulus: |33754964  [kPa)

Shear [Rigidity] Modulus: [15588638 [kPa)

| N -
P wavel S wavel Got Waveisi |

Load | Save | Export| Close |

[ Fixed Auto Scale| Zoom||— Filter - Setup| CCopy| Signal ~| Clear | Total Waves: |8

. o lZ
Time (m=ec)

[Lest: usa [vo1ts | 4 J

Figure 26 - P-wave alternate picking style

31



Ultrasonics Setup - Viewing loaded file for Specimen [RN5] - File: [440 Lbf.ult]

ds R Its Final R

Specimen ID: |RN5 Boards Setup] Specimen] Meth

Description: |440 Lbf P Velocity: (m{s)

P Velocity: EEEE | M S Velocity: ,W (mis)

Set to Manual u - Poisson's Ratio: |0.45
Arrival Time: |0.03 [msec) Young's Modulus: [45347536 [kPa)
Bulk Modulus: 166130640 (kPa)

Shear [Rigidity] Modulus: (15588638 (kPa)

| | -
P wave S wavel Got Wavelsi |

Load | Save | Export| Close |

[ Fixed Auto Scale| Zoom||— Filter - Setup| CCopy| Signal ~| Clear | Total Waves: |8

i a 5 N a

-0.01

L
[}
[}
o

-0.05

LoLe Wit o

I I

[} [}
= =
o [}

4

0.1z

o.0o 0.04 0.08

=l I B Time (mzec)
[x: u/n Imsec Left: u/a [vorts | Kl [
Figure 27 - P-wave standard picking style

The change in picking methodology resulted in the P- and S-waves both being picked in
the same way at the point when the waveforms started to diverge from one another. The P-wave
picking was difficult since the background noise interfered with the main signal so the peaks and
troughs of the waveform were evaluated first and then the divergent picking point was
determined. In the above case Figure 22 shows a close up analysis of the waveforms and a
perplexing thing was found, that picking at the divergent point in this case resulted in a Poisson’s
ratio of 0.01, this did not correlate well with the values of the RN6 samples that was within the

same lithologic unit (siltstone) (Error! Reference source not found.). So picking was done at

he first repeatable trough, the purple arrow on Figure 22.

MASW Method

MASW-data acquisition components were ordered and the Kansas State University
Geology land-streamer was built, shown in Figure 28. A vertical-force source (sledge hammer)

was used to generate Rayleigh-waves and recorded by a 24 channel of 4-Hz natural-frequency
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receivers spaced 3 ft. apart with a source offset of 15 ft. An aerial image of the MASW

acquisition and the boreholes can be seen in Figure 29.

Figure 28 - KSU land-streamer
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Figure 29 - Ogden Test Site: MASW Acquisition and Boreholes (Red-Sevenmile)(Yellow-North&South) from Google Earth

Our acquisition parameters used during MASW acquisition was: 24 channel cable, 3 feet
distance between each receiver, and an offset of 15 feet between the source and the first receiver.
This set up shifted 36 feet between each shot (Figure 30). In each shot there are 24 traces, when
geometry is assigned each trace is titled with a numerical value that is saved in the header fields

of the project dataset/database.
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Figure 30 - MASW setup from shot 1 to shot 2
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Figure 32 - Raw shot record from Line 15 station number 1104

During our acquisition the seismic software used numbered the receivers in reverse, the
first receiver was numbered 24 and the second 23 and so on, this required special attention when
importing data sets. The position of the source and receiver are assumed to be in a straight line,
along the x-axis, relative to one another, so the value of SOU_Y and REC_Y remain zero.

Further discussion of the MASW data will be covered in the following section.
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MASW Data Processing and Inversion

Previously discussed was the sensitivity and influence of confining parameters can have
on the inversion of surface-wave data. In this section it will be discussed how we extracted and
integrated our chosen confining parameters. Since we are using SurfSeis we can input Vs, V,
density (p) and Poisson’s ratio (o) into the layer model within the program. Density (p) was the
most readily and easily inputted value with an approximate influence of 10% (Xia et al., 1999).
The laboratory measured Poisson’s ratio (o) can easily be used but we have to keep in mind that
this value is for core samples which were abidingly dehydrated and will have a ¢ lower than the
saturated value encountered in-situ. Since laboratory measurements were taken at ultrasonic
velocities those measurements of Vs and V,, cannot be directly inputted and since a simple
conversion from ultrasonic to seismic velocities does not exist they cannot be used as confining
parameters. The intent is to use density and possibly Poisson’s ratio to constrain the layers

imaged by the MASW method, this will be discussed further in the data and results section.

The entire procedure of analyzing MASW data consists of three steps; acquiring
dispersive Rayleigh-wave data, building dispersion curves and the inversion of picked dispersion
curves to create the S-wave velocity profile (V). The accuracy of the Vs profile depends solely
on the accuracy of the dispersion curves, making it a critical step (Park et al., 1997). One of the
most important parameters in the geotechnical estimation of near-surface soil or rock shaking
response is the shear-wave velocity profile (Vs) (Hunter et al., 2010). “Shear-wave velocity
techniques constitute the most versatile approaches to earthquake hazard mapping and site

investigations” (Hunter et al., 2010).

Processing and Inversion
We can take the recorded surface-wave data and analyses the Rayleigh wave dispersive
nature to construct the S-wave velocity profile (V;) and shear moduli (u), the shear moduli can
be calculated because of the relationship between Vs and u, illustrated by Equation 6.
v, = |2
Y

Equation 6 - Relation between S-wave velocity and shear moduli
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Our surface-wave data was originally processed using the RadexPro software, later a
different program, SurfSeis, was purchased because the program made it easier to enter,
manipulate and conduct final inversion of the surface-wave data. SurfSeis had a visual or
‘graphical’ geometry assignment, making this step much simpler and reduced the chance for

human error that could have arisen from entering equations incorrectly.

To improve the overall signal the bottom mute applied to all data sets was ‘loose’ enough
that the seismic-wave, specifically the surface-wave signal was not reduced. No top muting was
done because after several experiments not improvement was seen in the later phases or
inversion results. As you can see on the figure below (Figure 33) the surface-wave is recorded

with a later arriver then the other components.
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Figure 33 - Components of a Seismic-Wave From KSGS short course

In the case out our data from Line 11 and Line 10 it is difficult to clearly distinguish
trends in the signal (Figure 35 and Figure 38). In the case of Line 11, in Figure 36 everything
below the red line (travel time ~50-150) are surface-waves and everything above the blue line are

refraction first-arrivals and head-waves. The trend between the red and blue lines could be
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guided-waves/ head-wave train or it might be the high-velocity trend of the surface-waves

(Kansas Geological Survey, 2012).
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Figure 34 - Bottom Muting on Seismic Record Line 11
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Figure 36 - Wave components marked on enlarged record from Line 11

All other records from the other lines look similar to Figure 35 except records from Line
10. Figure 38 is a record from Line 10 in which the seismic signal forms a thin linear trend, very
different than the other lines. Line 10 was acquired on top of a dirt road created by KDOT as a
heavy machinery access road during the earthworks phase of construction. The dirt road was far

more compact then the locations of the other remaining seismic lines. Most likely the highly
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compacted dirt was the cause of the seismic signal components to arrive at the same time,

causing a signal collapse (component overlap) on the record and created a thin linear trend.
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Figure 37 - Line 10 first seismic shot record, less collapse seen here.
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Figure 38 - Signal collapsed and components overlapping. This seismic record from Line 10, taken on top of a dirt road used by
heavy machinery. This is the last shot record for Line 10.

The early processing phase when surface-wave data was imported into SurfSeis was
relatively simple; the ‘graphical’ geometry assignment and easy to manipulate muting was very
helpful. After the analysis of the seismic records was completed the next step was to create the
dispersion curves. These dispersion curves (DCs) were then picked; the picking of the DC’s
should not be confused with the picking done for the laboratory measurements. Once picking
was completed initial inversion without constraining parameters were conducted and the
resulting Shear wave (S-wave) velocity models calculate. Both the dispersion curves and initial
inversion results can be found in the appendix. In the next section I will discuss the creation of
dispersion curves, how picking was done, after that | will describe the inversion process and
results and the integration inversion results will be discussed in the Data and Results section.

Array Setup
Surface-wave array setups depend on the underlying geology and the physical state of the
area (eg. moisture, urban traffic). An array setup used in one area may efficiently record data

with multi modal separation while in another area the data may suffer from higher mode
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contamination. The quality of the fundamental mode can be influenced by several field
parameters: receiver spacing (dx), the source offset (X1), the number of receivers (N) and the
length of the receiver spread (D or X7). The most influential field parameters are the receiver
spread length and the source offset (X;) (Park, 2005).

Field parameters and processing method can influence the accuracy of the surface-wave
data. The most influential are the receiver spread (D or X+) and the source offset (X;). Long and
short of each field parameter have benefits and drawbacks. An increased receiver spread (D)
improves mode separation and allows for deeper maximum depth of investigation (Zmax). The
downside to a large receiver spread (D) is poor horizontal resolution because of the special
averaging effect, so the length of the spread (D) should be decided based on balancing these 3
factors. The source offset (X1) can be either long or short, the shorter offset allows for improved
shallow imaging because of higher frequencies and the long allows for deeper imaging due to
lower frequencies. But both suffer from either the near field or the far field effect respectively.
The near-field effect can be seen on a seismic record/shot gather in the 1m closest to the source
as a weakening in the amplitudes and a reduction in the coherency. The far-field effect occurs
when higher mode and body-wave domination are present and appears on a seismic record/shot

gather as far out at 100m.

From the Kansas Geological Survey short course (2012) it was learned that several rules
of thumb are used for calculating offset (X1), maximum depth of investigation (Zmax) and
receiver spread size (D). It is generally assumed that the spread size is equivalent to the
maximum depth of investigation in an ideal situation (Equation 7). The source offset is generally
assumed to be 50% of the spread size (D) but can range between 16% to 100%, it depends on
what the operator is trying to optimize and the geology of the area. In our project we used a
linear land streamer array to acquire multiple records with the same source-receiver
configuration and moved the array a fixed distance (dSR) of 36ft or 12 stations along linear lines
for each shot. A diagram of the setup used in this project can be seen in Figure 39. The receiver
spread size was 69ft, theoretically we should have been able to the depth of 69ft using SurfSeis
but the data was not theoretical, it was real world data with real sources of noise and attenuation

which impeded our project.
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D= Zmax

Equation 7 - General assumption that receiver spread is equivalent to maximum investigation depth
D=69ft
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Figure 39 - Array setup

Example of Processing and Inversion Prior to Integration

After the surface-wave data set was imported and geometry assigned the dispersion
curves were created. Dispersion curves (DCs) and the picking done on each is important to the
final inversion result. DCs are 1-d profiles representations of the data set that will be strung
together to create a 2-D profile during the inversion process. The DCs are representations of
frequency verses phase velocity. In other studies the primary focus was the fundamental mode
(MO0), but more recent studies have focused on the inclusion of higher modes (M1, M2, etc.)
during the inversion process to improve (Xia et al., 2003; Lou et al., 2007; Song and Gu, 2007,
Luo etal., 2011). Unfortunately, the combination of the near surface geology and our MASW
array setup was unable to create/record higher modes suitable for the inversion process. In
Figure 41 you can see that only the fundamental mode (MO) is visible and no suitable higher
mode is present, the same is true for all the seismic lines. On Figure 41 a few green anomalies at
about 2000 m/sec, 20 Hz but there is hardly anything there and it is heavily deteriorated by noise.
Since no suitable higher modes were present, a tighter viewing window focusing on the
fundamental mode was created to make the DC picking phase easier and can be seen in Figure
43. At this point anything besides the fundamental mode is considered noise even if they are
artifacts of higher modes, if they interfere with the fundamental mode it is called higher mode

contamination.
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Figure 40 - Parameters for large window view in figure below
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Processing Steps  View Tools Help  Dispersion-curve Picking
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Figure 41 - Example of no higher modes, Line 10.
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Figure 43 - Dispersion curve with smaller viewing window, Line 10

The basic principle behind picking dispersion curves (DCs) is picking along the highest
amplitudes (red-black). The finer details of the picking of DCs is subjective and varies from
person to person. There is no clear method that results in identical picking results between two
people. If a person is conservative while another is aggressive, the final inversion results will
differ greatly. The difference between aggressive and conservative picking has to do with how
far left on the DC a person picks. Picking to the far left is risky and will often results in
anomalous/inconsistent results. Picking to the far left is what constitutes the difference between
aggressive and conservative picking, but picking to the far right is generally done in both picking
approaches. Aggressive picking to the far left is generally discouraged unless certain
circumstances can be established (geophone frequency, and bounds). Aggressive picking on
either side of the DC is generally confirmed using the ‘Bounds’ tool and can be seen in Figure
44 it can be used to scan through all the DC’s of a line to see the trend between each. By
observing the trend you can easily pick to the far right with high confidence. Using this tool for
picking to the far left is not as helpful and does not raise confidence in aggressive far left

picking.
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Picking to the far left is risky due to the basic principles of the data and is influenced by
how the data was acquired. Lower frequencies are less stable and the frequency of geophones
used influence how far left into these lower frequencies picking can theoretically be done
(Kansas Geological Survey, 2012). Higher frequency geophones have a limited max
investigation depth (40Hz ~ < 10 m) (Kansas Geological Survey, 2012). The rule of thumb
learned from the 2012 Kansas Geological Survey MASW short-course was picking into the
lower frequencies to the far left is limited by the frequency of the geophones used and that: 4 Hz
geophones allow for picking as far left as 2.25 Hz, 10 Hz geophones allow for picking as far left
as 5 Hz, and 40 Hz geophones allow for picking as far left as 15 Hz. Geophones with a
frequency of 2 Hz can be purchased but they are expensive and difficult to operate (Kansas

Geologic Survey, 2012). A in depth evaluation of the array setup can be found in the previous

section.
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;‘ﬁl C\Users\Chibo\Desktop\Newer Surfseis 7-19\5Surfseis Projects\OgdeniLine Data\Linel0\DC\Linel0(Geom)002(ActiveOT).dat ==

Surface-wave Mode
[+ FEM Coad ] @ Aetresh | §* | gy

Dispersion-curve Picking

4% Edit Curve

- [~ | Cin & » e “%\ girr | Combine’| | () Undo Curve
Bounds
7{ e FYYVYVYYVVVYVVYVVYVVYVVIVVYVVYYYTTIVYTYTY

# Current 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450
Controls Station Number (Center of Receiver Array}
. I -
] 20 40 60
Record = 1; Mid-station =1012; Spread size =69(ft): Source Offset =15(f) Amplitude (%)

=
Inversion

Phase Velocity (ft/sec)

Frequency (Hz)

Field-Setup Scanning Finished

Figure 44 - Dispersion curve picking boundaries, Line 10

Regardless of the frequency of the geophones and the setup of the array used picking to
the far left can be difficult due to the typical hyperbole appearance of the dispersion curve on the
left side. The upturn at the left hand side should not follow the steep upturn but instead be a

49



slight curve reminiscent of the upturn (Kansas Geological Survey, 2012). An example of the

slight curved upturn in the lower frequencies can be seen in the picked dispersion curve in Figure
45,

Processing Steps  View Tools Help  Dispersion-curve Picking
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Figure 45 - Dispersion curve picked, Line 10

Inversion Without Integration
Once picking of all the dispersion curves (DCs) in a line were finished the data was
moved into the inversion phase. For this section all examples will come from the Line_12
(LossBot)MUTE dataset, basic information about the dataset can be found in Figure 46. First
the data files created from picking of DCs were saved were imported into the inversion option in
SurfSeis called ‘Invert Dispersion Curves’. The dispersion files were loaded and sorted by

surface location and displayed in the ‘Initial Layer Model for Dispersion Curve’ (Figure 47).
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Figure 46 - Scan Summary of Linel2(LossBot)(MUTE) dataset
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Figure 47 - Initial Layer Model for Dispersion Curve: Default 10 Layer

Once the DCs were loaded, parameters needed to be defined before the inversion can be
run. Within SurfSeis there are a lot of parameters and setting that were evaluated before
preceding the inversion calculation. The majority of these parameters and settings can be found
within the ‘Inversion Controls’ that can be found under the ‘Control’ button on the left side of

Figure 47. The ‘Input Files’ tab (Figure 48) lists the selected DCs, here specific DCs can be
added or removed.
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Figure 48 - Inversion Controls : Input Files Tab

Next the layer properties needed to be adjusted. Clicking on the ‘Layer Model
Generation’ button to edit the layer properties. Here the default number of layers was 10 (Figure
49), but was changed to 4 layers and will be discussed later in this section, or the ‘Depth
conversion ratio’ can be changed. The ‘Depth conversion ratio’ is the ratio between the depth of
penetration and the apparent wave length (velocity/frequency). The ‘Depth to half space
(Zmax)’ was calculated by the software and kept since SurfSeis did so well with the geometry.
The ‘Thickness model’ can be changed here or after clicking the ‘View/Edit Layer Model’
button. ‘Equal’ would make all layers equal to one another, ‘Variable’ has thicknesses
calculated from the inputted data and ‘User Defined’ is just that, user defined. Variable
thickness was used for this inversion. The ‘View/Edit’ button pulls up a window (Figure 50)
displaying the variables for the layers, it is possible to edit these variables and I will discuss this

later.
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Figure 50 - View/Edit Layer Model Window (Default 10 layer model)

Going back to the ‘Inversion Controls’ window, the ‘Iteration’ tab (Figure 51) has a

number of important variables that can be adjusted, most of the labels are self-explanatory. The
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‘Stopping Criteria’ quadrant I kept the default ‘RMS Error’ of 5.00 and the ‘Max Iteration’ of 7.
RMS(E) is the abbreviation for root-mean-square error and is a measurement of the difference
between values a predicted by the inversion modeling. Iterations are the repetition of creating
models, the results of one iteration is used as a starting point for the next iteration. Multiple
iterations of a single dispersion curve yield an averaged result, but to many iterations can
negatively affect the data by over averaging it. The A-Priori Assumption quadrant only affects
the layer model and is only used if you intend to input variables from outside sources such as
well logs or laboratory measurements. When | discus entering my laboratory measurements |
will continue to have the fixed Poisson’s ratio bubble checked. The ‘Weighting of Individual
Points’ quadrant gives you the option of weighting the measured values for each black dot seen
in the inversion window (Figure 47) also seen in the ‘Input Files’ tab (Figure 48). As long as the
signal-to-noise ratios of the DCs are fairly good, equal weighting should be used. The final
quadrant, the ‘Inversion-velocity Range’ section, has a default scale of 0.45 and 1.80 for the max

and min velocities. | used the default scale values of 0.45 and 1.80 for all lines for consistency.
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Figure 51 - Iteration Tab

The ‘Initial Vg Layer’ tab gives the user control over whether or not a model from a

different DC or from a different line is used to influence the current inversion/integration. The
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‘Each Dispersion Curve’ option allows for each DC to be created individually with no influence
form other DCs. The ‘Previous Vs model inverted’ option allows for the results from the
previous line inverted influencing the current inversion. The ‘Fixed Vs model’ option is used
when adjustments, other than the number of layers, are made to the layered model. I will discuss

the use of the ‘Fixed Vs model’ later in this section.
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Figure 52 - Initial Vs Layer Tab

The ‘Output Files’ tab (Figure 53) deals with the outputted files, the location and name of
the Vs and RMSE files and the option of creating an excel file. The excel file can only be created

when a fixed depth model is employed.
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Figure 53 - Output Files Tab

The parameters used for initial inversions, no integration, were mentioned in the above
paragraphs with the exception of changing the number of layers from 10 to 4 (Figure 54). A 4-
layer model was chosen because the ATV image indicates several locations of distinct transitions
in the upper 50 — 60 ft. Even if the inverted surface-wave data cannot reach a depth greater than
30 ft, it is likely at there could be 4 distinct locations with differing velocities. From Figure 47 at
least two major steps in the velocity model can be seen at 74 Hz and 37 Hz, these two major
steps are still be present in the 4-layer model seen in Figure 55 and Figure 56. By changing to
the ‘Pos and Density’ tab a graph displaying the change in Poisson’s ratio and Density can be
found (Figure 58). Here you see that Poisson’s ratio is considered constant at 0.4 and density
increases slightly with depth. The ‘Approx’ button on the left allows us to see a simplistic
example of what the Vs 2D model might look like (Figure 57).
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Figure 58 - Poisson's Ratio and Density Graph

Once all the parameters and variables are acceptable the next step is to run the inversion.
While the inversion is running the screen with display the progress (Figure 59 and Figure 60)
calculation for each iteration and from the previous DC model (Figure 60, Figure 61, Figure 62
and Figure 63). The dashed blue line is the initial generated layer model before the iterations
started. The thick blue line is the final model generated from the iterations done on the previous
DC. The thin solid blue line displays the current model, and changes with each iteration. The
curved bold blue line is the DC from the previous modeled DC. The curved green line is the
currently modeled DC. The curved dashed green line is the initial model DC,; it is linked with
the blue dashed line. The black dots are labeled as the ‘Measured FM’; they are measured from

the current DC being inverted/iterated.
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Figure 59 - Before first DC inversion has finished (0 of 18)
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Figure 63 - DC inversion (15 of 18)

Once the software has finished the inversion results, 2D Vs and RMSE models, will
automatically be displayed. The ‘Approx’ model (Figure 64) can be compared with the V; result
(Figure 65), it tends to be less detailed and often does not match well with the V result. The
range of the color bar tends to vary depending on the data inputted; from line to line the color bar
range varies and hampers comparison/linking. All inversions were additionally saved with a
range of 200 — 1000 (Figure 66). The 2D model of the RMSE can be found below (Figure 67).
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Figure 64 - Approx (again)
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Figure 65 - Vs Model (Default Range)
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Figure 66 - Vs Model (Range 200 - 1000)
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Figure 67 - RMSE Model

All inversion results from Ogden without integration

The mute line, scan summaries and inversion results from all 6 lines from the Ogden site
can be found below. The dispersion curves and additional data can be found in the appendix.
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Figure 68 - Line 10 Mute Line displayed on a Raw record, this is the mute used for LossBot

2. Scan Summary

a. Raw

E o | = 2

Scan Summary of <Line10{LossBot)(MUTE) DAT=>

Autornatic Evaluation: Successful

Surface-Wave Velocity Range (Approximate): 360 - 1200 (fifsec)
Dominant Frequency of Surface Wave: 13 Hz

Risk of Contamination by Higher Modes: Moderate

Cwverall Quality of Input Data: Good

b. LossBot
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3.
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Scan Summary of <Line10{LossBot)(MUTE) DAT=>

Vs

Autornatic Evaluation: Successtul

Surface-Wave Velocity Range (Approximate): 380 - 1200 (ftisec)
Dominant Frequency of Surface Wave: 13 Hz

Risk of Contamination by Higher Modes: Moderate

Cwerall Quality of Input Data: Good
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Figure 69 - Line 10 Vs Raw
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Figure 70 - Line 10 Vs LossBot

4. RMSE
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Figure 71 - Line 10 RMSE Raw

b. LossBot
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Figure 72 - Line 10 RMSE LossBot
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Line 11
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Figure 73 - Line 11 Mute line for LossBot

=

Scan Summary of <Line1 1{Geometry) DAT=

Autornatic Evaluation: Successful

Surface-vwave Yelocty Range (Approximate): 400 - 1100 (ftfsec)
Dominant Frequency of Surface Wave: 14 Hz

Risk of Contamination by Higher Modes: Moderate

Cverall Guality of Input Data: Good
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Scan Summary of <Line11{LossBot)(MUTE) DAT>

Automatic Evaluation: Successful

Surface-vave Yelocty Range (Approximate): 400 - 1100 (ft/sec)
Dominant Frequency of Surface Wave: 16 Hz

Risk of Contamination by Higher Modes: Moderate

Crverall Quality of Input Data: Good
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Figure 74 - Line 11 Vs Raw

b. LossBot
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Figure 76 - Line 11 Vs LossBot (200-1000 range)

4. RMSE
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Figure 77 - Line 11 RMSE Raw
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Figure 78 - Line 11 RMSE LossBot
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Line 12
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Figure 79 - Line 12 Mute line for LossBot

e [E=REER)

Scan Summary of <Linel2{Geometry) DAT=

Automatic Evaluation: Successul

Surface-wave Velocity Range (Approximate): 800 - 1100 (fifsec)
Dominant Frequency of Surface Wave: 6 Hz

Risk of Contamination by Higher Modes: Moderate

Overall Quality of Input Data: Good
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Scan Summary of <Line12(LossBot){MUTE].DAT=

Automatic Evaluation: Successful

Surface-Wave Velocity Range (Appraximate): 520 - 900 (fifsec)
Dominant Frequency of Surface Wave: 156 Hz

Risk of Contamination by Higher Modes: Low

Crverall Quality of Input Data: Excellent
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Figure 80 - Line 12 Vs Raw

b. LossBot
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Figure 83 - Line 12 RMSE LossBot
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Figure 84 - Line 12 RMSE LossBot
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Line 13
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2. Scan Summary
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Figure 85 - Line 13 Mute line for LossBot

& =NR=n X

Scan Summary of <Line13(Geometry). DAT=

Automatic Evaluation: Successiul

Surface-wave Velocity Range (Approxdimate): 320 - 700 (ft/sec)
Dorninant Frequency of Surface Wave: 28 Hz

Risk of Contarnination by Higher Modes: Low

Overall Quality of Input Data: Excellent
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Scan Summary of <Line13(LossBot)(MUTE]. DAT=

Autornatic Evaluation: Successful
Surface-Wave Yelocity Range (Approximate): 320 - 700 (fifsec)
Dominant Frequency of Surface Wave: 29 Hz

Risk of Contamination by Higher Modes: Low
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Overall Quality of Input Data: Excellent
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Figure 86 - Line 13 Vs Raw

b. LossBot
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Figure 89 - Line 13 RMSE Raw

b. LossBot
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Figure 90 - Line 13 RMSE LossBot
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Line 14
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Figure 91 - Line 14 Mute line for LossBot
2. Scan Summary
a. Raw
& [ B ) |
Scan Summary of <Line14(Geometry). DAT>
Autornatic Evaluation: Successful
Surface-Wave Velocity Range (Approximate): 280 - 600 (fiisec)
Daminant Frequency of Surface Wave: 13 Hz
Risk of Contarmination by Higher Modes: Low
Civerall Qualty of Input Data; Excellent
b. LossBot
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Scan Summary of <Line14{LossBot)MUTE) DAT=

Autornatic Evalugtion: Successiul

Surface-‘Wave Velocity Range (Approximate): 300 - 600 (ft/sec)
Dominant Frequency of Surface Wave: 13 Hz

Risk of Contarnination by Higher Modes: Low

Overall Quality of Input Data: Excellent
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Figure 92 - Line 14 Vs Raw

b. LossBot
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Figure 95 - Line 14 RMSE Raw

b. LossBot
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Figure 96 - Line 14 RMSE LossBot
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Line 15
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Figure 97 - Line 15 Mute line for LossBot

2. Scan Summary

a. Raw

L] o | B 3%

Scan Surmmary of <Line15(Geometry) DAT=

Autornatic Evaluation: Successful

Surface-wave Velocity Range (Approximate): 320 - 700 (ft/sec)
Dominant Frequency of Surface Wave: 14 Hz

Risk of Contamination by Higher Modes: Low

Crverall Quality of Input Data: Excellent

b. LossBot
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Scan Summary of <Line15{LossBot)(MUTE). DAT=

Automatic Evaluation: Successful

Surface-wave Velocity Range (Appraximate): 320 - 700 (ftisec)
Dominant Frequency of Surface Wave: 14 Hz

Risk of Contarmination by Higher Modes: Low

Crverall Quality of Input Data: Excellent
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Figure 98 - Line 15 Vs Raw

b. LossBot
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Figure 99 - Line 15 Vs LossBot
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After all 6 lines from the Ogden site had been inverted and documented the next step was
to integrate the MASW surface-wave data with the ultrasonic laboratory measurements. Issues
arose during this phase some mentioned previously but all will be discussed later in MASW
SurfSeis Integration Inversion Results subsection the data and results section.
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Chapter 5 - Data and Results

We conducted the MASW acquisition, completed processing and interpretation of
surface-wave datasets and completed laboratory testing on suitable core samples. The
combination of the surface-wave datasets and the laboratory measurements was difficult because

of the debate over the accuracy of data and the expected/accepted value of Poisson’s ratio.

Acoustic Televiewer

Below is the image of the borehole wall of Ogden North and Ogden South. According to
the borehole records, discussed earlier, approximately 60 ft. of unconsolidated/poorly
consolidated sediments (alluvium) and the remanding 20 ft. of bedrock with the Johnson Shale
and Foraker Limestone Formations. But that is not what we see in the ATV image. The PVC
casting was placed on in the unconsolidated sediment and it is possible that the yellow we see is
not the true indicator of the bedrock. This would also mean any features that do exist are blurred
and possibly poorly represented in the ATV image. Unfortunately the ATV data processing
program (WellCAD) is unavailable to us currently. Further work that could be done on this

project is reexamining the data and trying a different processing workflow.

Introduction
Linking the lithology with the ATV image was difficult because of issues surrounding the
cores from the North and South boreholes at the Ogden test site. It was very difficult to link the
KDOT lithology with the corresponding ATV image because of inconsistencies in the lithology
reports and in the total length of cores. After careful review a more accurate lithology was
created, the variation in length was resolved and the lithology was correlated with the ATV

images.

Initial Problem
The issues first arose when the KDOT lithologies were compared with the ATV images.
| noticed that the start or top of the bedrock in the KDOT South lithology fit better with the
North ATV image and the same was true for the North lithology and the South ATV image
(Figure 103). From this point on the title of KDOT North and South lithologies were switched,
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North became South and South became North. | believe this was justified because we were
certain that the north ATV was from the North borehole (etc.,), also we had to assume the KDOT
coring start depths were correct because there was no evidence to say otherwise without making
them dependent on the ATV image. We swapped the boreholes but kept the recorded start depth,
next we compared the lithologies to one another and noticed that even though the ATV images
were in agreement with one another, the upper portion of the KDOT lithologies were not. The
variation in the upper KDOT lithologies was due to the fact the South core set was heavily
fragmented and the first 3 feet were almost exclusively rubble. As mentioned before, this

prompted the necessity of a closer examination of both core set lithologies.
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Figure 103 - Difficulty with top of bedrock in KDOT lithology reports

ATV Accuracy
Before examining the lithology we checked the accuracy of the ATV image. To
determine the accuracy of the ATV image we checked the scale and orientation of it in the
diagram comparing them with the lithology and the borehole. The vertical scale of the borehole
diagram was correct and the scale on the sides of the ATV images had small tick marks every
6inches and two is equivalent to the 1ft scale. So the ATV image is not stretched, the vertical
scale of it is accurate/equivalent. Next I evaluated the elevation of the ground surface and the

depth to the water table. The ATV device can only record images when the transducer is in
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water, the top of the water table was easy to find (Figure 104). In both boreholes KDOT
recorded 6ft 2in from the surface to the top of the water table, very close to my measurement of
6ft 6in for both boreholes. Concerning ground level, the site was very flat so | assumed the equal
elevation at both boreholes and the KDOT report supported this assumption. The scale, water
table and ground surface were accurate meaning the ATV images were correct, the issue then fell
onto the lithology provided by KDOT.
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Figure 104 - Image showing how easily the water table can be seen on the 3D log, the borehole wall Amplitude log and the
borehole Travel Time log
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Necessary to Redo Lithology

Total Core Length

We determined that the ATV image, water table and ground elevation were accurate, also
we assumed the bedrock start depth was accurate since we had nothing to contradict it. Since
these variables had the correct vertical scale and were accurately placed, the next step was to
examine the core sets (core boxes). First we determined the total length of each set of cores, then
created a map of the core boxes and record observations used to determine changes in lithology
and aid in linking the lithology with the ATV images. The total length, according to the KDOT
reports was 17ft and 17.1ft for the North and South boreholes with only a difference of 1.2in.
Initially, after examining the core boxes my rough estimates yielded a difference of 10in between
North and South. The North had 18ft 2in of cores, was 1ft 2in longer than what KDOT reported.
The South had 17ft 4.5in and was 3.3in shorter than what KDOT reported. Next | attempted a
more accurate measurement by pushing the contents of each column to the top of the box and
measuring the ‘gap’ at the bottom and subtracting the value from the 2ft length of the box. This
resulted in a North core length of 17ft 4in and a South core length of 16ft Oin. Finally |
measured the length of each ‘individual’ piece (small segments were lumped together) resulting
in a North core length of 16ft 6%in and a South core length of 16ft 7%in. The ‘individual’ piece
measurements were helpful and allowed me to make a core box map to keep track of where a
segment came from and correctly record my observations (yellow squares in Error! Reference
ource not found. and Error! Reference source not found.). The true total length measurement
could have been somewhere between the ‘gap’ and ‘individual” values but I think the

‘individual’ measurement was the most accurate, from this point on it is the measurement used.

Total Core Length

North South Difference

KDOT 17.0 ft 17.1 ft 0.1ft

BOX Length 18 ft 2.5 in (218.5 in) 17 ft4.5in (208.5in) | 10in

Difference from KDOT + 1ft 2in EXTRA -3.3in LESS

Amount of gap 10.50 in 16.25

Gap measurement 208.00 in (17ft 4in) 192.00 in (16ft Oin) 16 in (1ft 4in)

Individual measurement | 198.25 in (16ft 6.25in) 199.25 in (16ft 7.25in) lin

Table 2 - Total core length, multiple methods/sources
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KDOT info

North (ft) South (ft)
Depth of borehole 78.4 78.5
Alluvium 60.3 61.4
Bedrock 17 17.1

Table 3 - Basic KDOT information

Lithology Introduction
Once the total and segment lengths were determined a detailed analysis of the

stratigraphic names and changes in lithology was carried out. The KDOT stratigraphic formation
names were correct but the boundaries were shifted and formation members were identified and
can been seen in Error! Reference source not found. and Error! Reference source not

und.. The lithologic description depends on the person doing the description. The initial
description was done by a geologist employed by KDOT and is technically accurate but not
detailed enough; shale was used as a catchall term and this is not uncommon practice (Holland,
2012). When evaluated the core lithology | examined the texture/grain size, hardness, color,

calcareousness, visible bedding and small-scale structures.

Identification Parameters

Hardness was rudimentary determined by striking the core with the blunt side of a
pocketknife as well as picking up the cores to determine how heavy they felt and how soft they
felt when compressed in my hand. The calcareousness was determined using hydrochloric acid
and a pocketknife to create a fresh surface free of dust and debris. When the hydrochloric acid
was applied to the fresh surface it was observed for a length of time to assess if there was
delayed effervescence, this helped to determine the existence of a dolomitic limestone layer in
the upper half of the Foraker limestone formation. In the Core Box Charts below (Error!
eference source not found. and Error! Reference source not found.) the vertical lines on the
left side of each column contain 3 lines the right column lines are blue and green line is for
density, the middle red line represents significant calcareousness and the left side represent the
formations or members | assigned to the cores. The visible bedding and small-scale structures
labeled, ‘Top of Gray/Green Sh.,” ‘Brown Line,” two black bands ‘Bl 1’ and ‘Bl 2’ (Error!
eference source not found. and Error! Reference source not found.), can be seen in both core

sets and showed a correlation between the two boreholes.
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Use of Core Box Chart as Map

As mentioned previously the core segment map was very helpful for correctly recording
observations and interpreting the changes in lithology. | used the map to resolve the issue with
the variation in upper KDOT lithologies. After closer examination the South rubble exhibited
similar characteristics to the upper lithology of the North core set, texture, hardness and
calcareousness. After applying limited assumptions (without adding length) the upper South
adequately agreed with the upper North. This upper section will be discussed further later in this
section. Below in Error! Reference source not found. and Error! Reference source not
und. my interpretation of the core set lithology can be seen and a comparison between the
KDOT lithology and my lithology can be seen in Figure 107. Also the thickness and bottom
depth of each unit can be found in Table 4 and Table 5.
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North (Start depth: 737in, 61° 5”° ) (KDOT South)

| Thickness | Depth
Lyr. Litho. Type Inches Feet & Inch Inches Feet & Inch
0 0 0'-0" 737 61'-5"
1 Calc. MudSt. 8.25 0'-8.25" 745.25 62'-1.25"
2 Limestone 8.5 0'-8.5" 753.75 62'-9.75"
3 Calc. MudSt. 2.75 0'-2.75" 756.5 63'-0.5"
4 Limestone 2.25 0'-2.25" 758.75 63'-2.75"
5 Calc. MudSt. 8.5 0'-8.5" 767.25 63'-11.25"
6 MudSt. 7 0'-7" 774.25 64'-6.25"
7 Calc. MudSt. 7.75 0'-7.75" 782 65'-2"
8 Sh. Mudst. 31.75 2'-7.75" 813.75 67'-9.75"
9 Limestone 12.25 1'-0.25" 826 68'-10"
10 Dolo. Ls. 20.75 1'-8.75" 846.75 70'-6.75"
11 Siltstone 62.75 5'-2.75" 909.5 75'-9.5"
12 Sh. Ls. 23.25 1'-11.25" 932.75 77'-8.75"
13 Limey Sh. 2.5 0'-2.5" 935.25 77'-11.25"

Table 4 - North thickness and bottom depths (KDOT South)

South (Start depth: 735.625in, 61° 3.6”’) (KDOT North)

| Thickness | Depth
Lyr. Litho. Type Inches Feet & Inch Inches Feet & Inch
0 0 0'-0" 735.625 61'-3.625"
1 Calc. MudSt. 5 0'-5" 740.625 61'-8.625"
2 Limestone 8 0'-8" 748.625 62'-4.625"
3 Calc. MudSt. 2.5 0-2.5" 751.125 62'-7.125"
4 Limestone 4.875 0'-4.875" 756 63'-0"
5 Calc. MudSt. 8.625 0'-8.625" 764.625 63'-8.625"
6 Sh. MudSt. 35 2'-11" 799.625 66'-7.625"
7 Limestone 6.75 0'-6.75" 806.375 67'-2.375"
8 Dolo. Ls. 29.75 2'-5.75" 836.125 69'-8.125"
9 Siltstone 54.5 4'-6.5" 890.625 74'-2.625"
10 Sh. Ls. 22 1'-10" 912.625 76'-0.625"
11 Limey Sh. 22.25 1'-10.25" 934.875 77'-10.875"

Table 5 - South thicknesses and bottom depths (KDOT North)
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Comparing Lithologies
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Figure 107 - Comparing KDOT (center) and my initial lithologies (outer)
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Issue with Upper Lithology
After completing my interpretation of the lithology | compared it with the ATV image

(Figure 108), a close up of the bedrock with lithology transitions can be seen in Figure 1009.
After the initial compression a discrepancy arose between the South ATV and lithology within
the mudstone below the second limestone layer. This discrepancy is probably due to the fact that
in the South core set a lot of the upper material was reduced to rubble forcing me to infer
lithology but I did not add length in these areas. The ATV images density and fractures; but the
fractures in the present cores are attributed to the coring process itself. There is no evidence of
fracturing in the area and assume no structure fractures are present or were imaged. It is possible
for units exhibiting fissile layering would show up as fractures, but units with fissile layers such
as black shales have a low density and would show up as dark no matter what. But the cores do
not contain a true shale. In the ATV image the yellow portions correlate to dense units and the
purple portions correlate to soft units, the lower mudstone correlates to the thick purple bands at
63ft:North and 61ft:South, but the South lithology does not support this. From the rubbly state
and the ATV image we can safely assume that a significant portion of the lower mudstone was

lost and length needs to be added back in to improve the correlations across the board.

| suspected that due to the rubbly state of the upper portion of the South core set that
length within the lowest mudstone unit was lost during the coring process possibly because of
the process or because of the poor condition of the unit. It is important to note that the mudstone
units in the South borehole are in significantly worse condition than the counter parts in the
North borehole. In the South borehole a significant amount of pink sand grains were present, so
much that the top 3-5 inches of of the green/gray dolomitic shale unit was ground down into a
cone shape. While I inferred the lithology of the upper South borehole from the rubble I did not
add any length to it, it is very likely that length was lost here. It appears no significant amount of
length was lost in the second mudstone unit or in the two limestone units it is sandwiched
between. From my observations the majority of the missing length was probably from the lower
mudstone layer, it is also possible that a portion of length is missing from the top mudstone
layer. 1 chose to focus on the lower mudstone layer, compared it to the counterpart in the North
borehole, there was a 14 inch difference between the two. Adding in 14 inches to the South
lower mudstone was difficult to justify, there was a 6.9in difference in length between my

lithology interpretation and the one provided by KDOT, an additional 7in to the lower mudstone
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was not unreasonable and since it improves the correlation between lithologies and the ATV
images | believed it justified. A close up comparison of my original lithology (Figure 109) and
my inferred lithology (Figure 110) can be seen below and a full image of my original lithology
(Figure 108) and my inferred lithology (Figure 111) can also be seen.
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Comparison of Acoustic Televiewer Images from North and South Boreholes
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Figure 108 - Comparison of ATV image with my initial lithology
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Comparison of Acoustic Televiewer Images from North and South Boreholes
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ATV Conclusion
After double-checking the ATV data, the inconsistencies were due to the simplistic
lithology provided by KDOT. After closer examination and repeated comparison to the ATV
image a detailed and precise lithology was created and the correlations between the lithologies
and the ATV images were improved and help us to understand the underlying geology of the
area. And remaining discrepancies could be attributed to the destructive coring process or

possible human error, but overall the data and correlations appear accurate.

After close analysis, | believe there is possible human error contaminating the ATV
image. The ATV image is not in agreement with the borehole reports, | believe the top of the
bedrock maybe false positive or an error in depth measurement occurred. The suspicion arises
from the fact that, between boreholes, a distance almost identical to the offset of the PVC casing
jointing offsets the top of the bedrock. Now, the PVC casting did not extend all the way to the
bottom of the hole but the top of the imaged bedrock (yellow) does not correspond to the end of
the PVC casting. Taking into account each PVC segment is approximately 10 ft long, | believe
the end of the PVC occurs and can be seen at just above the 75ft on the North log and just below

the 70ft marker on the South log.

Laboratory Ultrasonic Velocity Measurements
The ULT100 system was used to measure and calculate several earth and elastic
properties including: density, compressional-waves, shear-waves, Poisson’s ratio, Young’s
modulus, bulk modulus and shear modulus. Physical properties of cores can be seen below
Table 6.
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North (Ogden, Riley CTY) Physical Properties of Cores

Density Dia. | Topdpt. | Bot. dpt. Avg. dpt. Dia.

ID | (g/cm”3) Lt. (in.) (in.) (ft.) (ft.) (ft) C R RQD | Lt.(mm) (mm) Mass (g)
RN1 2.22 5.450 2.00 64.875 65.329 65.102 3| 27| 21/3.0 139 51 629.8
RN3-S 2.24 5.670 2.00 67.042 67.514 67.278 2 2 | 1.6/2.0 144.5 51 660.4
RN3-R 2.24 5.670 2.00 67.042 67.514 67.278 2 2 1.6/2.0 144.5 51 661.5
RN5 2.4 6.4375 2.00 70.792 71.328 71.060 5 5 100 162.5 51 796.1
RN6 2.16 7.625 2.00 72.427 73.063 72.745 5 5 100 192 51 849.0
RN7 2.16 9.875 2.00 74.333 75.156 74.745 5 5 100 250 51 1101.2
RN8 2.25 7.625 2.00 75.198 75.833 75.516 5 5 100 194 51 893.5
RN9 2.26 9.250 2.00 75.833 76.604 76.219 5 5 100 233.5 51 1076.3
RN10 2.27 8.688 2.00 77.609 78.333 77.971 5 5 100 220 51 1019.5

Table 6 - Example of physical properties

The ‘picking’ done to determine the values for ultrasonic (P) compressional- and (S)
shear-wave velocities were additionally used to calculate earth properties and elastic moduli;
density, Poisson’s ratio, Young’s modulus, bulk modulus and shear modulus. These properties,
seen in the tables below, were intended to be used for cross validation. But since there is not
conversion between ultrasonic and seismic velocities (without addition of data eg. sonic log)
only density and elastic moduli such as Poisson’s ratio could be considered to be used during the
inversion process. Further discussion of the ‘picking’ process can be found in the methodology

section.

After extracting the data through the picking process we noticed the Poisson’s ratio was
much higher than expected. Our samples were dried at room condition, not in an oven, but this
possible source of moisture could not account for the high Poisson’s ratio values. So it was
determined that background noise was over riding the main signal at the initial P-wave picking
point. So P-wave picking was redone at the point where the waveforms start to diverge. For a
close to dry sample I believe these values are truer to the real world. You will notice from the
below tables that Young’s and bulk moduli are effected by the change in picking, while shear
modulus is not. After pointing this out it must be mentioned that our MASW data is from an
area with a high water table and thorough water saturation. So these values of Poisson’s ratio are

not identical.
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North Standard Picking: First Arrivals & Elastic Prop.

Avg. Dpt. (ft.) | Ibf P-Vel (m/s) | S-Vel (m/s) Poisson's Ratio Youngs (MPa) Bulk (MPa) Shear (Mpa)
RN1 65.102 | RN1-30 7593 1663 0.47 18102 119680 6137
RN1-205 7627 1643 0.48 17665 121034 5985
RN1-410 7869 1636 0.48 17540 129437 5936
RN5 71.060 | RN5-30 8759 2349 0.46 38685 166329 13237
RN5-220 8945 2546 0.46 45275 171152 15549
RN5-440 8828 2550 0.45 45348 166131 15589
RN6 72.745 | RN6-30 9959 2215 0.47 31321 200534 10625
RN6-230 10488 2214 0.48 31336 223940 10610
RN6-460 10468 2233 0.48 31873 222782 10796
RN7 74.745 | RN7-30 13374 2010 0.49 25922 374047 8708
RN7-235 13543 2070 0.49 27495 383181 9239
RN7-470 13896 2076 0.49 27660 403960 9291
RN8 75.516 | RN8-30 10199 1941 0.48 25164 223203 8495
RN8-240 10250 2092 0.48 29185 223693 9871
RN8-480 10563 2096 0.48 29299 238364 9901
RN9 76.219 | RN9-30 12039 1786 0.49 21435 317431 7199
RN9-240 12119 1846 0.49 22894 321157 7692
RN9-480 12276 1903 0.49 24324 329133 8175
Table 7 - Example of standard picking values North Borehole
North Altered picking: Poisson's Point
Avg. Dpt. (ft.) | P-Vel (m/s) S-Vel (m/s) Poisson's Ratio Young's (MPa) Bulk (MPa) Shear (Mpa)
RN1 65.102 | RN1-30 2570 1663 0.14 13988 6468 6137
RN1-205 2573 1643 0.16 13837 6702 5985
RN1-410 2563 1636 0.16 13729 6661 5936
RN5 71.05989 | RN5-30 4215 2349 0.27 33745 24957 13237
RN5-220 4252 2546 0.22 37955 22635 15549
RN5-440 4269 2550 0.22 38122 22916 15589
RN6 72.74479 | RN6-30 3534 2215 0.18 24995 12869 10625
RN6-230 3514 2214 0.17 24844 12576 10610
RN6-460 3515 2233 0.16 25080 12351 10796
RN7 74.74479 | RN7-30 3327 2010 0.21 21120 12254 8708
RN7-235 3352 2070 0.19 22021 11906 9239
RN7-470 3358 2076 0.19 22128 11928 9291
RN8 75.51563 | RN8-30 3106 1941 0.18 20039 10423 8495
RN8-240 3135 2092 0.10 21686 9000 9871
RN8-480 3159 2096 0.11 21923 9299 9901
RN9 76.21878 | RN9-30 3136 1786 0.26 18140 12592 7199
RN9-240 3113 1846 0.23 18902 11610 7692
RN9-480 3102 1903 0.20 19590 10817 8175

Table 8 - Example of altered picking values North Borehole

106




Dynamic Poisson’s ratio method involves measuring compressional- and shear-wave
velocities (V,/Vs). Compressional- and shear-wave velocities can be measured from one of
several sources; seismic data, sonic well logs, or laboratory measurements; by sending signals
through samples at small stress and strain, and used to calculated the dynamic Poisson’s ratio
(o4). Dynamic Poisson’s ratio is most favorable for several reasons, (Zhang and Bentley, 2005),
the velocity measurement is less destructive to the sample so further or additional testing could

be done, it is more cost effective and more time efficient.

For laboratory measurements we have close to dry samples (ambient humidity) and when
overburden is simulated the majority of cracks were sealed. So for us the main factor
influencing Poisson’s ratio were moisture and mineral composition. Few publications
describing/discuss acceptable near surface Poisson’s ratio ranges for elements, minerals, or rock
types. A publication that does discuss acceptable ranges is Gercek (2007), but the moisture
content is not specified, even though in the paper it is noted “[...] undrained values of Poisson’s

ratio of rocks are larger than the drained values” (Gercek, 2007).

For our project we are interested in the values for limestone, shale, siltstone and
alluvium. At the Ogden site we have approximately 60 ft of alluvium, the upper portion starts
off medium grained sand with some silt lenses near the top, with depth the grading becomes
courser to coarser sand and gravel (~40-60ft) (KDOT, 2011). A breakdown of the alluvium is as
follows; first the upper most foot was loose sand then silty sand for another foot then at 10 ft
depth a mix of sand and gravel with increasing coarseness. So, trusting Gercek graphs (Figure
112 and Figure 113) depicting typical ranges of Poisson’s ratio of several rock types, we can
observe that limestone (0.1-0.33), shale (0.03-0.32), and siltstone (0.13-0.35) have a broad range.
Gercek also give a table of granular soil types; loose sand (0.2-0.4), medium dense sand (0.25-
0.4), dense sand (0.3-0.45), silty sand (0.2-0.4), sand and gravel (0.15-0.35), and saturated

cohesive soils (~0.5).
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Fig. 4. Typical ranges of values for Poisson’s ratio of some rock types

(data after [33,34,44-46]).

Figure 112 - Typical range for Poisson's ratio reported by Gercek (2007)

Table 6
Typical ranges of values of Poisson’s ratio for granular soils [81]

Soil type Poisson’s ratio
Loose sand 0.20-0.40
Medium dense sand 0.25-0.40
Dense sand 0.30-0.45
Salty sand 0.20-0.40
Sand and gravel 0.15-0.35
Saturated cohesive soils ~().50

Figure 113 - Typical ranges of Poisson's ratio for soils (Gercek, 2007)
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Since Poisson’s ratio is calculated from Vs and V,, even though we used ultrasonic
frequencies our Poisson’s ratio is still valid, the main factor affecting our Poisson’s ratio was
where to pick for the P-wave. After evaluation it was discovered that the standard picking point
for Poisson’s ratio was not acceptable, the values were to high and where representative of
saturated samples, but our samples were dry. This caused us to reevaluate our waveforms and
determine that background noise was playing a larger role than expected. The hope was to find a
repeatable point where the background noise and actual signal over lapped which would result in
a leveling out. But an easily recognizable point was not found in the majority of waveforms. So
picking at the point the waveforms diverged from one another was adopted for the P-wave.
Picking was not simple or straight forward, we had to analyses and make a critical

decision/assumption based on our observations.

Basically, Poisson’s ratio for unconsolidated sediments below the water table should be
around 0.4. While sediments above the water table can vary greatly (discussed previously)
because of partial saturation, changes in lithology, and possible measurement error. The cores
used in our laboratory measurements where not saturated, they were relatively dry but exposed to
ambient humidity. So we should treat these cores like we would material above the water table,
a Poisson’s ratio of 0.4 or greater would not be valid. As previously saw in Figure 58 SurfSeis
uses the assumption that Poisson’s ratio is 0.4 and constant, since the water table is so close to

the surface this assumption can be considered valid.

MASW SurfSeis Integrated Inversion Results

After initial processing and integration was completed the next step was to integrate the
laboratory measurements with the MASW surface-wave data sets. The results from initial
conservative and trustworthy picking were not able to image deep enough to overlap with the
core samples measured in the laboratory. My attempt to correct this was to pick the dispersion
curves more aggressively and farther to the left, which resulted in deeper imaging. The
aggressive picking yielded questionable inversion results, but regardless of that the aggressive
picking was unable to image deep enough (max 40 — 50 ft). Only Line 10 acquired on top of a
compact dirt road was capable of reaching a depth of 60ft. Even though the aggressive picking
of Line 10 was capable of reach 60ft it still did not overlap with the highest core sample RS1
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from 63.4 ft. From this it was concluded that the intended integration of Ogden data was

prevented because the bedrock was to deep.

In this section | will document my attempt at aggressive picking and the subsequent
results in this section. And I will discuss in detail alternative approaches for future research and
my conclusions. The data sets with aggressive picking was labeled ‘(LossBot)Mob’ and was
pick as far left as theoretically possible. Theoretically according to the Kansas Geological
Survey since our project used 4.5 Hz geophones, we should be able to observe frequencies as
low as 2.25 Hz. A safe assumption was that picking as low as 3 Hz was definitely theoretically
valid. For the aggressive picking (Mob) the displayed minimum frequency was set to 3 Hz
(Figure 114). Even though picking as far back to 3 Hz was theoretically valid the data did not
always support that.
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Figure 114 - Aggressive dispersion curve display window

The goal was to pick in a similar fashion as the conservatively picked LossBot data sets
but as far to the left as possible for the aggressively picked data set. In most cases | was able to
pick as far back at 5 Hz (Figure 115 and Figure 116), all the aggressively picked dispersion
curves, from every line, can be found in the Appendix. Additionally, Figure 117 and Figure 118
exhibit some ‘pull-up’ distortion most likely due to higher mode contamination or an artifact in

the dataset created during acquisition. ‘Pull-up’ distortions occur when higher modes
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contaminate the fundamental causing spikes in the Phase Velocity. The ‘pull-up’ events at
higher frequencies were subtle and in some dispersion curves caused the trailing tail to end,
become less visible or to turn up a bit. In our data the higher frequency tail tended to turned up,
to counter for it picking at the last reliable point (falling in red or light green) was used as a guide

and no picking points after were placed higher (on the Phase Velocity axis).
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Figure 115 - Aggressive Picking of dispersion curve (8) from Line 10, back to 5 Hz
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Figure 117 - Aggressive Picking of dispersion curve (10) from Line 10
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Figure 118 - Aggressive Picking of dispersion curve (21) from Line 10

Once picking was completed the parameters for inversion remained the same as pervious
inversions since the aggressive results need to be compared with the conservative results. The
‘Approx’ 2D Vs model can be seen below in Figure 119, it looked relatively good but when
compared with the final Vs model (Figure 120) it was not as accurate or detailed, just like we saw
previously with Line 12. The aggressive 2D V, model exhibits some anomalous features that are
not true representations of the geology. From the 2012 Kanas Geological Survey short course, |
learned that low velocity bubbles (the blue at 45-50 ft. depth) are either artifacts created during
the picking phase or there were utilities under the survey. Since we know there were not buried
utilities lines and since the conservatively picked inversion results of Line 10 did not exhibit
such apparent signs of low velocities bubbles, it was safe to assume that this low velocity layer
was an artifact created during processing. The creation of these artifacts was caused by the
aggressive picking and it was determined that the quality of the data made it unreliable in
addition to the fact it did not overlap with the highest core samples (RN1 65.1ft, RS1 63,4ft).

The aggressive inversion results were unreliable and were discarded.
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Figure 120 - Aggressive 2D Vs Model
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Figure 122 - Aggressive 2D RMSE Model

Neither the conservatively nor the aggressively picked dataset reach the depth of the
shallowest core samples, the integration of overlapping data cannot be done with the Ogden data
sets and an alternative approach would needed to make it work. There are two approaches that

could be taken for future research; manipulating the data we currently have or conduct a new
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acquisition. Manipulating the data we currently have would not be a true integration, it would be
the stitching together of the two data sets but would requiring additional velocity and elastic
modulus estimates from an external or additional source such as a sonic log from a nearby well.
The additional data could be collected through an additional acquisition or possibly be found
through searching the KDOT or KGS libraries. The second option, a new MASW acquisition,
could be approached a few ways; a longer source to first receiver offset could possibly image
greater depths, or a passive and active acquisition could be combined to increase the quality of
the fundamental mode frequency range observed resulting in greater imaging depths (Kansas
Geological Survey 2012). In the following section | will reiterate that the Ogden data set cannot
be integrated presently, but for future research there are alternative approaches that could be
executed to make the integration of surface-wave and laboratory data from the Ogden site

possible.
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Chapter 6 - Conclusion

This project analyzed in detail the near surface geology of the Ogden area near a large
and newly built bridge structure. This detailed information will be used by engineers to further
evaluate the stability and longevity of the bridge and to determine how the near surface material
would respond in the case of a seismic event. From our ATV data our understanding of the near
surface lithology was improved and a 1.14 degree dip from south to north was discovered but no
faults were found. Using the surface-wave data we created a reliable shear-wave velocity model
with minimal introduction of error from the dispersion curve picking process. And from our
laboratory experiments we were able to measure and calculate physical and elastic properties for

engineers to use.

The final phase of this project was to integrate laboratory measurements with the surface-
wave data but the data sets do not overlap. Without the overlap we cannot use information from

one data set to constrain and refine the values from the other.
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SOUNDERS
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SEISMIC ACOUSTIC ULTRASONIC

Figure 123 - Velocity Scale From Han, 1986

As mentioned in the Data and Results section the proposed integration of surface-wave
data and laboratory measurements from the Ogden site was not possible because the data did not
overlap. Originally the second site in Douglas County was part of this thesis but was dropped
because of time constraints and a lack of acoustic televiewer data, but it would most likely suffer
from a lack of overlap because the lines were acquired in similar conditions as Line 10 from
Ogden and the cores were at similar depth. The surface-wave data from Douglas was acquired
on top of two parallel heavily compacted dirt roads and the same array setup was used. The
geology and top of bedrock was very similar to Ogden so it is reasonable to assume that the
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surface-wave and laboratory data will not overlap as well. In the case of the Ogden data, with
the current data sets there is no way to integrate the data using the method originally proposed.
Future research would be needed before attempting stitching the data sets together or a new
acquisition with different array parameters would be needed.

Even though the surface-wave data and the core samples do not overlap this project did
unearth information that could be used in future studies. The information would be useful for a
future study into the potential response of near-surface geologic materials, the number of layers
has been determined from the acoustic televiewer images and the continuity of the geologic units
have been confirmed by the acoustic televiewer images. The density, elastic properties and
ultrasonic velocities provided by laboratory measurements could be used to create a shear model.
In this project we collected a lot of data and information and attempted to integrate it together
but do to a lack of overlap we were inhibited. The information we gathered could be used in
different studies or used as a starting place for further research. Though some unexpected
hiccups prevented us from integrating the data as intended, a lot can be learned from the data.
From this study areas for future research have been determined, such a repeating the acquisition
using different parameters for integration or the addition of a borehole log could be used to stitch
together the current data sets and possibly used for integration. This project yielded a lot of

information and ideas of for further research.
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Chapter 7 - Further Research

The approach to reach a more optimal results would be to conduct a second MASW surface-
wave acquisition at the Ogden site. If repeated with a different MASW array setup the imaging
depth could be improved but this depends on the array setup used and the specific geology of the
site. A test generally called ‘practical estimation of spread and source offset’ test, the source
offset is increased and comparison of the dispersion curves (DCs) done to determine which offset
optimized data collection (Kansas Geological Survey, 2012). Additionally the spread length of
the geophones can be experimented with it would be more time consuming because it would
require rearranging the geophones on the land streamer. The KSU land streamer already uses 4.5
Hz geophones which are cost effective, easy to use and generally accepted as optimal equipment
(Kansas Geological Survey, 2012). If a new acquisition were done the optical and practical thing
to do would be to conduct an experiment examining the source offset and geophone spread

effects on the quality of data recorded.

The second option, if a new acquisition were to be done, is to acquire passive and active
surface-wave data sets and combine them using the SurfSeis program. The active method uses a
source (sledgehammer) operated by the acquisition team while the passive method would use
urban sources (traffic or train). Combined the active method would increase the lateral
resolution of the shallow geology while the passive method would increase the frequency range
of the observed fundamental mode resulting in improved or clearer lower frequencies and
increased imaging depth (Kansas Geological Survey, 2012). During the short course offered by
the Kansas Geological Survey it was recommended that the top 1 sec from the nearest active
traces and the bottom 1-30 sec of the passive traces should be used when combining the active

and passive methods.

Alternatively a different approach using only the information currently available would be to
attempt ‘stitching’ the data sets together but this would not be a true integration. Research into
this method would be necessary to establish validity and to fill in gaps. The main ‘gap’ of
concern would be the space between the bottom of the 2D Vs model and the top of the cores used
in the laboratory measurements, but could be resolved with the addition of a borehole log such as

a sonic log. The second ‘gap’ would be the fact that the laboratory measurements were

120



conducted at ultrasonic velocities and since no simple conversion between ultrasonic and seismic
velocities exists (Odumosu et al., 2007; Grochau and Gurevich, 2009; Sayers and Chopra, 2009)
a site specific study would be required to establish a link between the different magnitudes of
velocities (Figure 123). Potentially if the acoustic televiewer data could be reevaluated it may be
possible to extract a vertical velocity profile that could be used for integration because the data
would overlap with both the surface-wave and laboratory data sets; but may require a conversion

between different magnitudes of velocity previously mentioned.

An attempt to stitching the current data sets together without additional information would
result in unreliable and likely unrealistic results. With a stretch of the imagination and a lot of
additional research into accurate velocity and elastic values for the missing section between 30
ft. and 60 ft. it could be possible to create a result that could be accurate and reliable. In my
attempt to stitch the data sets together the bottom unit of the MASW surface-wave data was
extended down to the top of the first core sample, this can easily be considered highly inaccurate
but without additional information there is not much that can be done about it. An additional
inaccurate assumption made was the velocities of the laboratory measurements, it was assumed
these values were slightly greater than the surface-wave values because of the general
assumption that velocity increases with depth (Nicholson and Simpson, 1985). The results from
the roughly stitched together data were not promising, any anomalies present were exacerbated
especially in the ‘gap’ between 30-60 ft., this stitching attempt cannot be considered valid.
Further research into velocities and elastic modulus values could increase accuracy and possibly

validate future stitching attempts.

Potentially additional information could be extracted from the ATV dataset it could be used
for integration as long as the variables (eg. V,, or V;) from the log and the surface-wave have
comparable magnitudes (Figure 123). Additionally the exploration of a site specific velocity
conversion would be helpful for extracting accurate values from the sonic log mentioned
previously. It is possible that with the additional borehole data and integration between it and

the surface-wave data and laboratory data could be done separately from one another.

Depending on the objective many different approaches could be taken; adding to current data
sets or reacquiring one or more data sets. Either approach still builds on the information and

results produced from this project.
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Chapter 9 - Appendix A — Cores: Physical Properties, Elastic Properties and
Waveform Graphs

Sevenmile (Ogden, Riley Country)

Sevenmile (Ogden, Riley CTY) Physical Properties of Cores

Density . Dia. | Top dpt. Avg. dpt. | Core | Core set Dia. | Mass
ID (glem™3) Lt. (in.) (in) (ft) Bot. dpt. (ft.) () Set dpt. C| R RQD |Lt. (mm) (mm) @
RO.1 2.27 2.66 2.05 57.078 57.300 57.182 |Core1[54.0 - 57.3 2.7 42 68 525 | 334.2
R4 231 3.54 2.05 64.505 64.800 64.653 |Core 3[62.3-67.3 45 100 90 52.5 | 449.5
R5 2.22 4.56 20.5 65.400 65.780 65.590 |Core 3[62.3-67.3 45 100 116 52,5 | 556.8
R6 2.29 4.46 2.05 66.345 66.717 66.531 |Core 3[62.3-67.3 45 100 1135 525 | 551.6
R7 2.26 3.16 2.05 72.600 72.863 72.732 |Core5(71.8-77.0 4.4 80.5 52,5 | 386.3
R8 2.34 10.55 | 2.05 74.621 75.500 75.060 |Core5(71.8-77.0 4.4 266.5 525 |1327.1
R11 2.35 4.03 2.05 79.500 79.838 79.668 |Core6(77.0 - 80.5 35 100 103 525 | 513.2
Sevenmile Standard Picking
First Arrivals & Elastic Prop.

Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)

RO.1 57.18196 R0.1-30 3626 1795 0.34 19579 20097 7319

R0.1-190 3651 1917 0.31 21864 19139 8348

R0.1-380 3712 1930 0.31 22242 20005 8459

R4 64.6525 R4-30 4779 1686 0.43 18751 43937 6561

R4-215 4794 1621 0.44 17404 44931 6062

R4-430 4860 1626 0.44 17526 46367 6098

R5 65.59 R5-30 6256 1299 0.48 11057 81801 3742

R5-215 6348 1296 0.48 11005 84403 3722

R5-430 6394 1303 0.48 11136 85617 3766

R6 66.53108 R6-30 6095 1663 0.46 18487 76557 6332

R6-220 6110 1712 0.46 19542 76490 6704

R6-440 6212 1723 0.46 19818 79237 6795

R7 72.73167 R7-30 4232 1402 0.44 12782 34548 4443

R7-240 4293 1534 0.43 15166 34556 5315

R7-480 4358 1543 0.43 1543 35746 5379

R11 79.66792 R11-30 5476 1502 0.46 15450 63287 5294

R11-235 5615 1529 0.46 16021 66665 5487

R11-525 5740 1542 0.46 16310 69857 5581
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Sevenmile Altered picking

Poisson's Point

Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio Young’s (MPa) | Bulk (MPa) | Shear (Mpa)

R0.1 57.18196 R0.1-30 2885 1795 0.18 17328 9133 7319
R0.1-190 2880 1917 0.10 18398 7705 8348

R0.1-380 2951 1930 0.13 19048 8486 8459

R4 64.6525 R4-30 2483 1686 0.07 14065 5475 6561
R4-215 2465 1621 0.12 13565 5931 6062

R4-430 2473 1626 0.12 13655 5983 6098

R5 65.59 R5-30 1969 1299 0.11 8341 3607 3742
R5-215 1968 1296 0.12 8320 3626 3722

R5-430 1969 1303 0.11 8362 3574 3766

R6 66.53108 R6-30 2650 1663 0.18 14881 7631 6332
R6-220 2689 1712 0.16 15543 7602 6704

R6-440 2682 1723 0.15 15607 7399 6795

R7 72.73167 R7-30 2310 1402 0.21 10738 6137 4443
R7-240 2342 1534 0.12 11953 5306 5315

R7-480 2320 1543 0.10 11869 4987 5379

R11 79.66792 R11-30 2417 1502 0.19 12550 6648 5294
R11-235 2422 1529 0.17 12824 6451 5487

R11-525 2438 1542 0.17 13022 6509 5581
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RO.1

ISevenmile (Ogden, Riley CTY) Physical Properties of Cores
Density . Dia. | Topdpt. | Bot. dpt. | Avg. dpt. Core set Dia.
ID (glem™3) Lt. (in.) (in) (ft) (ft) (ft) Core Set dpt. C R RQD [Lt. (mm) (mm) Mass (g)
RO.1 2.27 2.66 | 2.05 57.078 57.300 | 57.182 | Corel [54.0-57.3 2.7 42 68 525 | 334.2
Sevenmile Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
RO.1 57.18196 R0.1-30 3626 1795 0.34 19579 20097 7319
R0.1-190 3651 1917 0.31 21864 19139 8348
R0.1-380 3712 1930 0.31 22242 20005 8459
Sevenmile Altered picking
Poisson's Point
Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
RO.1 57.18196 R0.1-30 2885 1795 0.18 17328 9133 7319
R0.1-190 2880 1917 0.10 18398 7705 8348
R0.1-380 2951 1930 0.13 19048 8486 8459
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R4

ISevenmile (Ogden, Riley CTY) Physical Properties of Cores

Density Lt. Dia. | Topdpt. | Bot.dpt. | Avg. dpt. Core set Dia.
ID (@lem™3) | (in) | (in) (ft) (ft) (o) Core Set dpt. C R RQD |Lt. (mm) (mm) Mass (g)
R4 231 3.54 | 2.05 64.505 64.800 64.653 | Core 3 [62.3-67.3 45 100 90 525 | 4495
Sevenmile Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
R4 64.6525 R4-30 4779 1686 0.43 18751 43937 6561
R4-215 4794 1621 0.44 17404 44931 6062
R4-430 4860 1626 0.44 17526 46367 6098
Sevenmile Altered picking
Poisson's Point
Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
R4 64.6525 R4-30 2483 1686 0.07 14065 5475 6561
R4-215 2465 1621 0.12 13565 5931 6062
R4-430 2473 1626 0.12 13655 5983 6098
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R5

ISevenmile (Ogden, Riley CTY) Physical Properties of Cores

Density - Dia. | Topdpt. | Bot.dpt. | Avg. dpt. Core set Dia.
ID (glem™3) Lt. (in.) (in) (ft) (ft) (ft) Core Set dpt. C R RQD |Lt. (mm) (mm) Mass (g)
R5 2.22 456 | 205 | 65.400 65.780 65.590 | Core3 [62.3-67.3 45 100 116 525 | 556.8
Sevenmile Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
R5 65.59 R5-30 6256 1299 0.48 11057 81801 3742
R5-215 6348 1296 0.48 11005 84403 3722
R5-430 6394 1303 0.48 11136 85617 3766
Sevenmile Altered picking
Poisson's Point
Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
R5 65.59 R5-30 1969 1299 0.11 8341 3607 3742
R5-215 1968 1296 0.12 8320 3626 3722
R5-430 1969 1303 0.11 8362 3574 3766
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R6

ISevenmile (Ogden, Riley CTY) Physical Properties of Cores

Dia.

Density . S Top dpt. | Bot. dpt. | Avg. dpt. Core set
ID (glem™3) Lt. (in.)|Dia. (in.) (ft) (0 Core Set dpt. C R RQD [Lt. (mm) (mm) Mass (g)
R6 2.29 446 | 2.05 66.345 66.717 66.531 | Core 3 [62.3-67.3 45 100 | 1135 | 525 | 551.6
Sevenmile Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
R6 66.53108 R6-30 6095 1663 0.46 18487 76557 6332
R6-220 6110 1712 0.46 19542 76490 6704
R6-440 6212 1723 0.46 19818 79237 6795
Sevenmile Altered picking
Poisson's Point
Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
R6 66.53108 R6-30 2650 1663 0.18 14881 7631 6332
R6-220 2689 1712 0.16 15543 7602 6704
R6-440 2682 1723 0.15 15607 7399 6795
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R7

ISevenmile (Ogden, Riley CTY) Physical Properties of Cores

Density . Dia. Bot. dpt. | Avg. dpt. Core set Dia.
ID (glem™3) Lt. (in.) (in) Top dpt. (ft.) (ft) (ft) Core Set dpt. C R RQD |Lt. (mm) (mm) Mass (g)
R7 2.26 3.16 | 2.05 72.600 72.863 72.732 | Core5 [71.8-77.0 4.4 80.5 525 | 386.3
Sevenmile Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
R7 72.73167 R7-30 4232 1402 0.44 12782 34548 4443
R7-240 4293 1534 0.43 15166 34556 5315
R7-480 4358 1543 0.43 1543 35746 5379
Sevenmile Altered picking
Poisson's Point
Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
R7 72.73167 R7-30 2310 1402 0.21 10738 6137 4443
R7-240 2342 1534 0.12 11953 5306 5315
R7-480 2320 1543 0.10 11869 4987 5379
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R8

ISevenmile (Ogden, Riley CTY) Physical Properties of Cores

Density - - Top dpt. | Bot. dpt. | Avg. dpt. Core set Dia.
ID (glem™3) Lt. (in.) |Dia. (in.) (ft) (ft) (ft Core Set dpt. C R RQD [Lt. (mm) (mm) Mass (g)
R8 2.34 10.55 2.05 74.621 75.500 75.060 | Core5 [71.8-77.0 4.4 266.5 | 525 | 1327.1

Waveform unsuitable for picking
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R11

ISevenmile (Ogden, Riley CTY) Physical Properties of Cores
Density Lt. | Dia. | Topdpt. | Bot. dpt. | Avg. dpt. Core set Dia.
ID (@em™3) | (in) | (in) (ft) (ft) (0 Core Set dpt. C R RQD |Lt. (mm) (mm) Mass (g)
R11 2.35 4.03 | 205 | 79.500 79.838 79.668 | Core6 |77.0-80.5 35 100 103 525 | 513.2

Sevenmile Standard Picking

First Arrivals & Elastic Prop.
Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
R11 79.66792 R11-30 5476 1502 0.46 15450 63287 5294
R11-235 5615 1529 0.46 16021 66665 5487
R11-525 5740 1542 0.46 16310 69857 5581

Sevenmile Altered picking

Poisson's Point
Avg. Dpt. (ft) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio | Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
R11 79.66792 R11-30 2417 1502 0.19 12550 6648 5294
R11-235 2422 1529 0.17 12824 6451 5487
R11-525 2438 1542 0.17 13022 6509 5581
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SOUTH {KDOT North Borehole} (Ogden, Riley County)

North (Ogden, Riley CTY) Physical Properties of Cores

Density . Dia. | Top dpt. Avg. dpt. | Core | Core set Lt. Dia.
ID (glem”3) Lt. (in.) (in) (ft) Bot. dpt. (ft.) () Set dpt. C| R RQD mm) | (mm) Mass (g)
RN1 2.22 5.450 | 2.00 | 64.875 65.329 65.102 |Core2|63.5-66.5| 3 | 2.7 | 2.1/3.0 | 139 51 629.8
RN3-S 2.24 5.670 | 2.00 | 67.042 67.514 67.278 |Core366.5-685 2 | 2 | 1.6/2.0 | 1445 51 660.4
RN3-R 2.24 5.670 | 2.00 | 67.042 67.514 67.278 |Core366.5-685 2 | 2 | 1.6/2.0 | 1445 51 661.5
RN5 2.4 6.437 | 2.00 | 70.792 71.328 71.060 |Core4|68.5-735 5 | 5 100 162.5 51 796.1
RN6 2.16 7.625 | 2.00 | 72.427 73.063 72.745 |Core4|68.5-735 5 | 5 100 192 51 849.0
RN7 2.16 9.875 | 2.00 | 74.333 75.156 74.745 |Core5(735-785 5 | 5 100 250 51 1101.2
RN8 2.25 7.625 | 2.00 | 75.198 75.833 75.516 |Core5(73.5-785 5 | 5 100 194 51 893.5
RN9 2.26 9.250 | 2.00 | 75.833 76.604 76.219 |Core5(73.5-785 5 | 5 100 233.5 51 1076.3
RN10 2.27 8.688 | 2.00 | 77.609 78.333 77.971 |Core5(735-785 5 | 5 100 220 51 1019.5
North Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft.) Ibf P-Vel (m/s) S-Vel (m/s) Poisson's Ratio Youngs (MPa) | Bulk (MPa) | Shear (Mpa)

RN1 65.102 RN1-30 7593 1663 0.47 18102 119680 6137

RN1-205 7627 1643 0.48 17665 121034 5985

RN1-410 7869 1636 0.48 17540 129437 5936

RN5 71.060 RN5-30 8759 2349 0.46 38685 166329 13237

RN5-220 8945 2546 0.46 45275 171152 15549

RN5-440 8828 2550 0.45 45348 166131 15589

RN6 72.745 RN6-30 9959 2215 0.47 31321 200534 10625

RN6-230 10488 2214 0.48 31336 223940 10610

RN6-460 10468 2233 0.48 31873 222782 10796

RN7 74.745 RN7-30 13374 2010 0.49 25922 374047 8708

RN7-235 13543 2070 0.49 27495 383181 9239

RN7-470 13896 2076 0.49 27660 403960 9291

RN8 75.516 RN8-30 10199 1941 0.48 25164 223203 8495

RN8-240 10250 2092 0.48 29185 223693 9871

RN8-480 10563 2096 0.48 29299 238364 9901

RN9 76.219 RN9-30 12039 1786 0.49 21435 317431 7199

RN9-240 12119 1846 0.49 22894 321157 7692

RN9-480 12276 1903 0.49 24324 329133 8175
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North Altered picking

Poisson's Point

Avg. Dpt. (ft.) Ibf P-Vel (m/s) S-Vel (m/s) Poisson's Ratio Youngs (MPa) | Bulk (MPa) | Shear (Mpa)
RN1 65.102 RN1-30 2570 1663 0.14 13988 6468 6137
RN1-205 2573 1643 0.16 13837 6702 5985
RN1-410 2563 1636 0.16 13729 6661 5936
RN5 71.05989 RN5-30 4215 2349 0.27 33745 24957 13237
RN5-220 4252 2546 0.22 37955 22635 15549
RN5-440 4269 2550 0.22 38122 22916 15589
RN6 72.74479 RN6-30 3534 2215 0.18 24995 12869 10625
RN6-230 3514 2214 0.17 24844 12576 10610
RN6-460 3515 2233 0.16 25080 12351 10796
RN7 74.74479 RN7-30 3327 2010 0.21 21120 12254 8708
RN7-235 3352 2070 0.19 22021 11906 9239
RN7-470 3358 2076 0.19 22128 11928 9291
RN8 75.51563 RN8-30 3106 1941 0.18 20039 10423 8495
RN8-240 3135 2092 0.10 21686 9000 9871
RN8-480 3159 2096 0.11 21923 9299 9901
RN9 76.21878 RN9-30 3136 1786 0.26 18140 12592 7199
RN9-240 3113 1846 0.23 18902 11610 7692
RN9-480 3102 1903 0.20 19590 10817 8175
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RN1

North (Ogden, Riley CTY) Physical Properties of Cores

Density . Dia. | Topdpt. | Bot.dpt. | Avg. dpt. Core set
(glem™3) Lt. (in.) (in) (ft) (ft) (ft) Core Set dpt. C| R RQD  |Lt. (mm)
RN1 2.22 5450 | 2.00 | 64.875 65.329 65.102 | Core 2 663655- 3| 27 2.1/3.0 139 51 629.8

Dia.

(mm) Mass (g)

ID

North Standard Picking

First Arrivals & Elastic Prop.

Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) Poisson's Ratio Youngs (MPa) | Bulk (MPa) | Shear (Mpa)
RN1 65.102 RN1-30 7593 1663 0.47 18102 119680 6137
RN1-205 7627 1643 0.48 17665 121034 5985
RN1-410 7869 1636 0.48 17540 129437 5936

North Altered picking

Poisson's Point

Avg. Dpt. (ft.) Ibf P-Vel (m/s) S-Vel (m/s) Poisson's Ratio Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
RN1 65.102 RN1-30 2570 1663 0.14 13988 6468 6137
RN1-205 2573 1643 0.16 13837 6702 5985
RN1-410 2563 1636 0.16 13729 6661 5936
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RN3

North (Ogden, Riley CTY) Physical Properties of Cores

Density . Dia. | Topdpt. | Bot. dpt. | Avg. dpt. Core set Lt. Dia.
ID (glem™3) Lt. (in.) (in) (ft) (ft) (0 Core Set dpt. RQD mm) | (mm) Mass (g)
RN3-S 2.24 5.670 | 2.00 67.042 67.514 | 67.278 | Core3 |66.5-68.5 1.6/2.0 | 1445 51 660.4
RN3-R 2.24 5.670 | 2.00 67.042 67.514 | 67.278 | Core3 |66.5-68.5 1.6/2.0 | 1445 51 661.5

Waveform unsuitable for picking
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RN5

North (Ogden, Riley CTY) Physical Properties of Cores

© | oy v | o | ToRdE R [ [ e [ | c [ [mon [ o [ o e 0
RN5 24 6.4375 | 2.00 | 70.792 71.328 71.060 |[Core4|68.5-735| 5 5 | 100 | 162.5 51 796.1
North Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (mfs) Poisson's Ratio Youngs (MPa) | Bulk (MPa) | Shear (Mpa)
RN5 71.060 RN5-30 8759 2349 0.46 38685 166329 13237
RN5-220 8945 2546 0.46 45275 171152 15549
RN5-440 8828 2550 0.45 45348 166131 15589
North Altered picking
Poisson's Point
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) Poisson's Ratio Young’s (MPa) | Bulk (MPa) | Shear (Mpa)
RN5 71.05989 RN5-30 4215 2349 0.27 33745 24957 13237
RN5-220 4252 2546 0.22 37955 22635 15549
RN5-440 4269 2550 0.22 38122 22916 15589
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RNG6

North (Ogden, Riley CTY) Physical Properties of Cores

ID (gD/‘f:’r‘j'% Lt (in) (D"']a) T°g<tf’)pt' Bot. dpt. (ft) A"%;t)dpt' Core Set C‘(’j’;t_set c | R|RWD| n';fn) (m‘) Mass (g)
RNG6 2.16 7.625 | 2.00 72.427 73.063 72,745 | Core4 |68.5-73.5 5 5 100 192 51 849.0
North Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft.) Ibf P-Vel (m/s) S-Vel (m/s) Poisson's Ratio Youngs (MPa) | Bulk (MPa) | Shear (Mpa)
RN6 72.745 RN6-30 9959 2215 0.47 31321 200534 10625
RN6-230 10488 2214 0.48 31336 223940 10610
RN6-460 10468 2233 0.48 31873 222782 10796
North Altered picking
Poisson's Point
Avg. Dpt. (ft.) Ibf P-Vel (m/s) S-Vel (m/s) Poisson's Ratio Youngs (MPa) | Bulk (MPa) | Shear (Mpa)
RN6 72.74479 RN6-30 3534 2215 0.18 24995 12869 10625
RN6-230 3514 2214 0.17 24844 12576 10610
RN6-460 3515 2233 0.16 25080 12351 10796
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RN7

North (Ogden, Riley CTY) Physical Properties of Cores

ID (gD/?:?;'A% Lt (in) ('?r']a) T°g<tf’)p" Bot. dpt. (ft) A"%;t)dp" e C‘(’j’gt_s“ c | R R nﬁ:n) (m') Mass (g)
RN7 2.16 9.875 | 2.00 74.333 75.156 74.745 |Core5(73.5-78.5 5 5 100 250 51 1101.2
North Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (mfs) Poisson's Ratio Youngs (MPa) | Bulk (MPa) | Shear (Mpa)
RN7 74.745 RN7-30 13374 2010 0.49 25922 374047 8708
RN7-235 13543 2070 0.49 27495 383181 9239
RN7-470 13896 2076 0.49 27660 403960 9291
North Altered picking
Poisson's Point
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) Poisson's Ratio Youngs (MPa) | Bulk (MPa) | Shear (Mpa)
RN7 74.74479 RN7-30 3327 2010 0.21 21120 12254 8708
RN7-235 3352 2070 0.19 22021 11906 9239
RN7-470 3358 2076 0.19 22128 11928 9291
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RNS8

North (Ogden, Riley CTY) Physical Properties of Cores

Density - Dia. | Topdpt. | Bot.dpt. | Avg.dpt. | Core | Core set Dia.
ID (glem™3) Lt. (in.) (in) (ft) (ft) (o Set dpt. C| R RQD |Lt. (mm) (mm) Mass (g)

RN8 2.25 7.625 | 2.00 75.198 75.833 75516 |Core5|735-785/5| 5 100 194 51 893.5

North Standard Picking

First Arrivals & Elastic Prop.

Avg. Dpt. (ft.) Ibf P-Vel (m/s) S-Vel (m/s) Poisson's Ratio Youngs (MPa) | Bulk (MPa) | Shear (Mpa)
RN8 75.516 RN8-30 10199 1941 0.48 25164 223203 8495
RN8-240 10250 2092 0.48 29185 223693 9871
RN8-480 10563 2096 0.48 29299 238364 9901

North Altered picking

Poisson's Point

Avg. Dpt. (ft.) Ibf P-Vel (m/s) S-Vel (m/s) Poisson's Ratio Youngs (MPa) | Bulk (MPa) | Shear (Mpa)
RN8 75.51563 RN8-30 3106 1941 0.18 20039 10423 8495
RN8-240 3135 2092 0.10 21686 9000 9871
RN8-480 3159 2096 0.11 21923 9299 9901
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RN9

North (Ogden, Riley CTY) Physical Properties of Cores

ID (gD/‘Z’r‘s,'%’) Lt. (in)) | Dia. (in.) T°(F]’<tf’)pt' B"(tf'tgpt' A"%f't)dpt' e C%rst_set c| R |ReD | n';:n) (m') Mass (g)
RN9 2.26 9.250 2.00 75.833 76.604 76.219 |Core5(73.5-78.5 5 5 100 | 233.5 51 1076.3
North Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (mfs) Poisson's Ratio Youngs (MPa) | Bulk (MPa) | Shear (Mpa)
RN9 76.219 RN9-30 12039 1786 0.49 21435 317431 7199
RN9-240 12119 1846 0.49 22894 321157 7692
RN9-480 12276 1903 0.49 24324 329133 8175
North Altered picking
Poisson's Point
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (mls) Poisson's Ratio Youngs (MPa) | Bulk (MPa) | Shear (Mpa)
RN9 76.21878 RN9-30 3136 1786 0.26 18140 12592 7199
RN9-240 3113 1846 0.23 18902 11610 7692
RN9-480 3102 1903 0.20 19590 10817 8175
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RN10

North (Ogden, Riley CTY) Physical Properties of Cores

Density . Dia. | Topdpt. | Bot.dpt. | Avg.dpt. | Core | Core set Lt. Dia.
D gemrd) S Gy |y (ft) f) | Set | dpt RQD | (mm) | (mm) |Mass (@)
RN10 2.27 8.688 | 2.00 77.609 78.333 77971 |Core5(73.5-78.5 100 220 51 1019.5

Waveform unsuitable for picking
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NORTH {KDOT South Borehole} (Ogden, Riley Country)

South (Ogden, Riley CTY)Physical Properties of Cores

Density

Dia.

Top dpt.

Bot. dpt.

Avg. dpt.

Core

Core set

Dia.

ID (glemd) Lt. (in.) (in) (ft) (ft) () Set dpt. C|R RQD  |Lt. (mm) (mm) Mass (g)
RS1 1.59 5.875 2.00 63.150 63.640 63.395 |Core2|63.4-68.4| 5 | 5 | 4.2/5.0 148 51 482.0
RS2 2.19 9.375 2.00 65.817 66.598 66.207 |Core2(63.4-68.4| 5 | 5 | 42/50 | 2385 51 1066.5
RS3 2.19 11.218 | 2.00 67.465 68.400 67.936 |Core2|63.4-68.4| 5 | 5 | 4.2/5.0 284 51 1273.2
RS4 2.37 43125 | 2.00 70.067 70.420 70.246 |Core3|68.4-73.4/ 5 | 5 | 3.6/5.0 109.5 51 530.0
RS5 2.34 4.75 2.00 71.650 72.046 71.848 |Core3(68.4-73.4 5 | 5 | 3.6/5.0 120 51 573.4
RS7 2.05 5.6875 | 2.00 75.192 75.666 75.429 |Core4|734-784| 5 | 5 100% 144 51 602.8
RS8 2.24 8.1875 | 2.00 77.509 78.192 77851 |Core4|734-784| 5 | 5 100% 207 51 947.4

South Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio Young’s (MPa) Bulk (MPa) Shear (Mpa)

RS2 66.2072917 RS2 30 11979 1609 0.49 16904 306533 5669

RS2 210 12035 1623 0.49 17187 309380 5765
RS2 420 12057 1626 0.49 17245 310481 5784
RS4 70.2463542 RS4 30 5757 2544 0.38 42275 58080 15332
RS4 220 5814 2552 0.38 42613 59515 15432
RS4 440 5850 2559 0.38 42878 60395 15517
RS5 71.8479167 RS5 30 6278 2396 0.41 37984 74290 13424
RS5 225 6336 2407 0.42 38366 75838 13550
RS5 450 6640 2436 0.42 39483 84626 13881
RS7 75.4286458 RS7 30 7424 1971 0.46 23268 102345 7957
RS7 235 7506 1988 0.46 23694 104646 8102
RS7 470 7679 1993 0.46 23823 109990 8139
RS8 77.8505208 RS8 30 10705 1746 0.49 20305 247634 6830
RS8 245 10803 1892 0.48 23799 250776 8018
RS8 490 10816 1905 0.48 24135 251263 8132

8-37




South Altered picking

Poisson's Point

Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Velo (m/s) | Poisson's Ratio Young’s (MPa) Bulk (MPa) Shear (Mpa)
RS2 66.20729 RS2 30 2968 1609 0.29 14646 11718 5669
RS2 210 2972 1623 0.29 14845 11647 5764
RS2 420 2984 1626 0.29 14911 11780 5784
RS4 70.24635 RS4 30 4638 2544 0.29 39399 30528 15331
RS4 220 4685 2552 0.29 39783 31420 15432
RS4 440 4704 2559 0.29 40029 31750 15516
RS5 71.84792 RS5 30 4404 2396 0.29 34620 27467 13424
RS5 225 4425 2407 0.29 34957 27731 13550
RS5 450 4420 2436 0.28 35584 27179 13880
RS7 75.42865 RS7 30 3759 1971 0.31 20856 18346 7957
RS7 235 3765 1988 0.31 21171 18242 8101
RS7 470 3789 1993 0.31 21303 18570 8138
RS8 77.85052 RS8 30 3517 1746 0.31 17919 15862 6830
RS8 245 3325 1892 0.26 20214 14073 8017
RS8 490 3319 1905 0.25 20399 13837 8131
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RS1

South (Ogden, Riley CTY)Physical Properties of Cores

Density Dia. | Topdpt. | Bot.dpt. | Avg.dpt. | Core | Core set Dia.

D grem®y | S Gny | ) (ft) (ft) set | dpt. | C | R| RQDJLLMM)]

Mass (g)

RS1 1.59 5.875 | 2.00 63.150 63.640 63.395 |Core2|634-68.4| 5 | 5 | 4.2/50 148 51 482.0

Waveform unsuitable for picking

8-39



RS1 P-Wave

0.1
0.05
0 r.N A PR WU PSRy e o 2
VWV UN VYNV TN N W W
50 100 150 200 250
z
% -0.05
=
-0.1
-0.15
-0.2
(Msec)
———Raw Signal 30 Ibf Raw Signal 200 Ibf ~———Raw Signal 400 Ibf
RS1 S-Wave
0.05
0 MM\_ P e
b Ng? g N e S B e !
50 100 150 200 250
-0.05
z
°
2z
-0.1
-0.15
-0.2
(Msec)

———Raw Signal 30 Ibf

Raw Signal 200 Ibf

———Raw Signal 400 Ibf

8-40




RS2

South (Ogden, Riley CTY)Physical Properties of Cores

1D %722:%’ Lt. (in.) |Dia. (in.) To(pﬁfi)pt. B()(tf.tgpt. AV?&;’ pt. Core Set C(&r;t.set C|R RQD |Lt. (mm) (?ni:{) Mass (g)
RS2 2.19 9.375 | 2.00 65.817 66.598 66.207 | Core2 |63.4-684| 5 | 5 | 42/50 | 2385 51 1066.5
South Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio Young’s (MPa) Bulk (MPa) Shear (Mpa)
RS2 66.2072917 RS2 30 11979 1609 0.49 16904 306533 5669
RS2 210 12035 1623 0.49 17187 309380 5765
RS2 420 12057 1626 0.49 17245 310481 5784
South Altered picking
Poisson's Point
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio Young’s (MPa) Bulk (MPa) Shear (Mpa)
RS2 66.20729 RS2 30 2968 1609 0.29 14646 11718 5669
RS2 210 2972 1623 0.29 14845 11647 5765
RS2 420 2984 1626 0.29 14911 11780 5784
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RS2 P-Wave
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RS3

South (Ogden, Riley CTY)Physical Properties of Cores

Density Top dpt. | Bot. dpt. | Avg. dpt. | Core | Core set Dia.

D (gremd) (ft) (ft) (f) | Set | dpt (mm)

Lt. (in.) [Dia. (in.) C|R RQD  |Lt. (mm) Mass (g)

RS3 2.19 11.21 | 2.00 67.465 68.400 67.936 |Core263.4-68.4 5 | 5 | 4.2/5.0 284 51 1273.2

Waveform unsuitable for picking
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RS4

South (Ogden, Riley CTY)Physical Properties of Cores

ID %‘;2;:%’ Lt. (in.) | Dia. (in) To&f’)"t' B"(tf'tgpt' A"%f't;’pt' CS"erte C%r;t_set c|RrR| ROD |Lt (mm) (?ni;) Mass (g)
RS4 237 4.3125 2.00 70.067 70.420 70.246 (Core3(684-734/ 5 | 5 | 3.6/5.0 | 109.5 51 530.0
ISouth Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio Young’s (MPa) Bulk (MPa) Shear (Mpa)
RS4 70.2463542 RS4 30 5757 2544 0.38 42275 58080 15332
RS4 220 5814 2552 0.38 42613 59515 15432
RS4 440 5850 2559 0.38 42878 60395 15517
South Altered picking
Poisson's Point
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio Young’s (MPa) Bulk (MPa) Shear (Mpa)
RS4 70.24635 RS4 30 4638 2544 0.29 39399 30528 15331
RS4 220 4685 2552 0.29 39783 31420 15432
RS4 440 4704 2559 0.29 40029 31750 15516
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RS5

South (Ogden, Riley CTY)Physical Properties of Cores
ID '(Dg‘j’c‘fr:%’ Lt. (in))| Dia. (in.) T°(§tf‘)pt' B"(t];tf;pt' A"‘(’];t)dpt' e C‘ggtfet c|RrR| RQD |Lt (mm) (g:{) Mass (g)
RS5 2.34 4.75 2.00 71.650 72.046 71.848 |Core 3 6;;344 5|5 | 3650 120 51 573.4
South Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio Young’s (MPa) Bulk (MPa) Shear (Mpa)
RS5 71.8479167 RS5 30 6278 2396 0.41 37984 74290 13424
RS5 225 6336 2407 0.42 38366 75838 13550
RS5 450 6640 2436 0.42 39483 84626 13881
South Altered picking
Poisson's Point
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio Young’s (MPa) Bulk (MPa) Shear (Mpa)
RS5 71.84792 RS5 30 4404 2396 0.29 34620 27467 13424
RS5 225 4425 2407 0.29 34957 27731 13550
RS5 450 4420 2436 0.28 35584 27179 13880
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RS7

South (Ogden, Riley CTY)Physical Properties of Cores

ID '(3932;:%’ Lt (in) ?"']a) Tog’ﬁf;pt' Bo(t];tgpt' A"?f't;’pt' Core Set C%rst_set c|rR| RQD |Lt (mm) (ai;') Mass (g)
RS7 2.05 5.6875 | 2.00 75.192 75.666 75.429 | Core4 |734-784| 5 | 5 | 100% 144 51 602.8
South Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio Young’s (MPa) Bulk (MPa) Shear (Mpa)
RS7 75.4286458 RS7 30 7424 1971 0.46 23268 102345 7957
RS7 235 7506 1988 0.46 23694 104646 8102
RS7 470 7679 1993 0.46 23823 109990 8139
South Altered picking
Poisson's Point
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio Young’s (MPa) Bulk (MPa) Shear (Mpa)
RS7 75.42865 RS7 30 3759 1971 0.31 20856 18346 7957
RS7 235 3765 1988 0.31 21171 18242 8101
RS7 470 3789 1993 0.31 21303 18570 8138
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RS8

South (Ogden, Riley CTY)Physical Properties of Cores

ID '(Dg‘j’c‘fr:%’ Lt. (in.) ('?r:a) T°(‘;tf‘)pt' B%;Spt' A"‘(’];t)dpt' Core Set C‘gstfet c|RrR| rRQD |Lt(mm) (zi;‘]') Mass (g)
RS8 2.24 8.1875 | 2.00 | 77.509 78.192 77.851 | Core4 773844 5| 5| 100% 207 51 947.4
South Standard Picking
First Arrivals & Elastic Prop.
Avg. Dpt. (ft.) Ibf P-Vel (m/s) | S-Vel (m/s) | Poisson's Ratio Young’s (MPa) Bulk (MPa) Shear (Mpa)
RS8 77.8505208 RS8 30 10705 1746 0.49 20305 247634 6830
RS8 245 10803 1892 0.48 23799 250776 8018
RS8 490 10816 1905 0.48 24135 251263 8132
South Altered picking
Poisson's Point
Avg. Dpt. (ft.)  [Ibf P-Vel (m/s) |S-Vel (m/s) [Poisson's Ratio  [Young’s (MPa) Bulk (MPa) Shear (Mpa)
RS8 77.85052 RS8 30 3517 1746 0.31 17919 15862 6830
RS8 245 3325 1892 0.26 20214 14073 8017
RS8 490 3319 1905 0.25 20399 13837 8131
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Chapter 10 - Appendix B — Records & Dispersion Curves (All Lines)
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Acquisition map
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