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ABSTRACT

Determining the depth to bedrock is important in geotechnical site investigations,
especially for foundation, slope stability, and settlement problems. Although methods
such as drilling can be used to determine the depth to bedrock, geophysical methods are
excellent supplemental tools to fill in the space between borings. However, many
geophysical methods require extensive equipment to deploy and expertise to interpret the
data. A recent, simple method to estimate the depth to bedrock is the Horizontal-to-
Vertical Spectral Ratio (HVSR) method, which is a single-station measurement that only
requires ambient noise and can be easily deployed and completed by a single person
within 15 minutes. The objective of this study is to determine if a reliable relationship of
depth to bedrock could be developed for the University of Missouri (MU) campus using

the HVSR method alone without shear wave velocity measurements.

In total, 65 HVSR measurements were performed around the MU campus over an
approximate area of 1,200,000 m2. Measurements were performed with a three-
component geophone, hand-held data acquisition system, and laptop computer.
Relationships were developed between HVSR frequency versus depth to bedrock for all
data and subsets of data based on the bedrock conditions. The results showed a reliable
relationship can be developed for soil over limestone profiles, where the average errors
were within 12%, which is consistent with similar past studies. However, when shale was
present, the bedrock depth predictions were unreliable with errors as large 58%.
Therefore, in practice, the HVSR relationship developed in this study should only be used
at sites where shale is known to be absent, based on supplemental information. The
HVSR relationship developed in this study was applied at a major construction project

Xi



near the University of Missouri campus and showed good agreement between the
prediction from HVSR and refraction results performed by another contractor. The errors

in the depth predictions were within the range of 0.5 to 3.2 ft.
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1. INTRODUCTION
1.1 Background

Geotechnical site characterization is a systematic study of subsurface conditions
with the goal of developing a representative profile of subsurface strata over the depth
range of interest. The main purpose of site characterization is to determine relevant soil
and rock properties that can be used to predict the behavior of the subsurface for various
engineering problems. Investigations performed for site characterization may include in-
situ measurements like the Standard Penetration Test (SPT) and Cone Penetration Test
(CPT); drilling and sampling; and numerous laboratory tests and techniques. One
important parameter determined as part of a site investigation program is the depth to
bedrock. Knowledge of the bedrock depth is important, for example, when constructing
major structures which will be supported on deep foundations that extend into rock. Also,
for many slope stability investigations, the soil/rock interface is of interest because it may
be the plane of sliding or the limit of the depth of the slide. In settlement problems,
defining the thickness of compressible layers above rock is important to accurately
predict the settlement. In many cases inaccurate or assumed values of the depth to rock
yields an over costly design. Thus, characterization of the depth to bedrock is needed in

many geotechnical engineering applications.

The most common and straightforward method to determine the depth to rock at a
specific location is to drill a borehole. However, in some cases, desired drilling locations
may be difficult for the equipment to access, budget may limit extensive drilling to
characterize borehole depth, or the locations of the foundation elements may change to

locations where the depth to rock is unknown. Thus, often it is not possible to accurately



characterize the spatial variability of bedrock depth from drilling alone. Therefore,
geophysical methods are often a good supplement to the drilling program. For example,
methods like electrical resistivity and seismic refraction can be used to determine the
depth to rock. However, these methods require extensive equipment deployment and user
expertise to reliably interpret the data. Therefore, these methods can be time-consuming
to utilize. There is a need for an easily deployed, simple, economical, and non-destructive

technique to determine depth to bedrock in modern geotechnical site characterization.

Recently, a single-station geophysical method, called the Horizontal-to-Vertical
Spectral Ratio (HVSR) method, has found widespread use in seismological and
geotechnical applications. It is performed by using a three-component seismometer to
measure ambient energy in the horizontal and vertical directions at the desired location to
estimate the fundamental frequency at a site. This fundamental frequency is directly
related to bedrock depth and soil shear wave velocity. The primary advantage of the
HVSR method is its quick and economical implementation, as it only requires a single
station and no active source. Also, data processing requires little expertise and can be

automated such that the results can be quickly interpreted by novice users.

Most of the early studies focused on seismic microzonation applications, where
the spatial variability of site frequency is mapped over large regions (e.g., Martorana et
al. 2018; Konno & Omachi, 1998; Gosar. 2017; Chen et. al. 2009). In addition, the HVSR
method has found application for estimating the average shear wave velocity in deep
basin studies, where borehole control of bedrock depth is available (e.g., Bodin et al.
2011; Rosenblad and Goetz. 2009). Lastly, the HVSR method has been used to develop

relationships between the fundamental frequency and bedrock depth for regions over



large spatial scale (i.e. tens of kilometers) and bedrock depths (i.e. thousand-meter deep)
(e.g., Ibs-von Seht and Wohlenberg. 1999; Lane et. al. 2008; Dronfield et al. 2019). In
this study, the focus is on investigating the application of the HVSR method for
developing relationships to estimate shallow bedrock depths (i.e. 3 to 20 meters) over

smaller spatial scales (i.e. hundreds of meters) in the geology of Central Missouri.

1.2 Objective

The primary objective of this study is to develop a local relationship between
bedrock depth and site frequency determined from HVSR measurements for the
University of Missouri campus. This relationship could be used in site investigation
planning or as a supplement to conventional drilling and sampling. The hypothesis of this
study is that a reliable relationship can be developed between the measured frequency
from HVSR measurements and the depth to bedrock without the need for independent

shear wave velocity profile measurements.

Additionally, secondary objectives of this study are to understand and quantify the
reliability and accuracy of the bedrock depth estimates from the HVSR measurements.

Specifically, these objectives are:
1. Quantify the uncertainty in depth estimates for different bedrock conditions.

2. Understand the effect of bedrock geology on the reliability of depth to bedrock

estimations, specifically the effect of shale layer when it is present.

3. Develop best practices for data collection and analyses to obtain reliable and

consistent results.



4. Investigate the possibility of using other attributes of the HVSR plots to infer

site characteristics (i.e. shale versus limestone).

1.3 Scope of Work

The scope of work to satisfy the research objectives involved: (1) compiling
existing borehole information from past construction projects around the University of
Missouri campus (65 boreholes), (2) interpreting the depth to bedrock at each site from
the borehole data, (3) collecting ambient noise data at each accessible borehole location,
(4) processing the ambient noise records using the HVSR approach, (5) determining the
HVSR peak frequency from HVSR graphs, and (6) developing relationships between

depth to bedrock and the peak frequency.

Furthermore, the scope of this work also involved categorizing the data based on
different bedrock conditions, studying the impact of site geology on the accuracy of the
HVSR method, investigating the relationship between bedrock geology (i.e. presence of
shale) and features of the HVSR plots, and examining factors affecting the consistency of

the HVSR measurements.

1.4 Layout of the Thesis

This thesis consists of seven chapters. In Chapter 2, the general geology around
the University of Missouri campus (i.e. study area) is described, the HVSR method is
presented, and selected relevant past HVSR studies from the literature are presented. The
site description of each location where measurements were performed are described in
Chapter 3. Then, the details of the methods used for data collection, processing, and
interpretation are presented in Chapter 4. The HVSR results and additional analyses are

presented in Chapter 5. A discussion of the results as related to the objectives of the study

4



are presented in Chapter 6. Lastly, Chapter 7 presents a summary of the findings,

important conclusions from this work, and potential areas of future study.



2. BACKGROUND

2.1 Introduction

This chapter presents a brief overview of the geology of Central Missouri and the
University of Missouri campus. This is followed by a discussion of the expected shear
wave velocities (1) of the soil and rock in the study area. Lastly, an overview of the
HVSR method is presented and relevant literature on the HVSR method are reviewed.
2.2 General Geology of the University of Missouri Campus

The geology of Boone County is described by A.G. Unklesbay in his book,
Geology of Boone County, Missouri (1952). The following summary is largely based on
the information from this book and is used to describe the general geology around the
University of Missouri campus. The University of Missouri sits on top of glacial drift
deposits and loess from the Pleistocene age. These deposits typically consist of lean or fat
clay that are sometimes mixed with sand, silt, and gravel. Beneath these deposits is the
bedrock from the Mississippian and early Pennsylvanian age, composed of shale and
limestone. The shale is found inconsistently with various thickness around campus while

limestone is common.

The general subsurface profile around campus consists of possible fill over clay
over shale and/or limestone. Detailed profiles and descriptions for each measurement
location used in this study are presented in Chapter 3. The limestone bedrock beneath the
University of Missouri campus is the Burlington formation. The Burlington limestone is
colored white to gray, with some chert inclusions, with an upper surface that is often
eroded and irregular. Multiple geotechnical reports of campus projects show the
Burlington limestone is found in the depth range of 10 to 55 ft, with the rock surface

5



often being weathered and fractured. In addition, the shale bedrock of the Cherokee
group is found around campus atop the limestone. Based on boring data, the shale
thickness ranges from 0O ft to 29 ft and it is often in a weathered condition. For context,
the depth to bedrock around Missouri is shown in Figure 2.1 with the study area indicated

by the red square.

Depth to Bedrock of
the State of Missouri

e Digital Compilation by %
E VVicki Voigt &

2012

MISSOURI DEPARTMENT OF NATURAL RESOURCES
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Figure 2. 1 Depth to Bedrock in Missouri (MoDNR 2012), with red square indicating the
area of this study

2.3 Expected Shear Wave Velocities

The subsurface profile in the study area can be generally described as consisting
of two or three major layers. The first layer is the fill and soil layer, the second layer is
the inconsistent shale layer that may or may not be present, and the third layer is the
limestone layer. Each layer may have additional layering on top or below them (i.e. silt

6



and sand), however, these are the three main layers of interest for this study. As part of
this study, only limited V, measurements were performed of the soil/fill and limestone,
and no velocity measurement of the shale were performed. However, based on past
literature, as well as the general knowledge about these materials, a range of expected V;
of these materials can be estimated, as presented below. Based on the information
described below, a simplified, general V; profile is presented in Figure 2.2. It is important
to note that the shale layer is absent at many sites or very thin, and the depths of all

interfaces vary considerably across campus.

2.3.1 Soil/Fill
The V; of the fill and soil depend on soil structure, soil type, void ratio, and the

effective stress. A general relationship can be expressed as:
V; = A(o',)™ (Eq. 2.1)

where A = parameter that depends on the soil structure, type, and void ratio and m is an
exponent with a value that is typically around 0.25.

Based on Eq. 2.1 and using representative values for A, the average shear wave
velocity (Vs 4¢) of the soil/ffill is expected to be in the range 400 ft/s to 800 ft/s for the
depths of interest in this study. In addition, based on a few Spectral Analysis of Surface
Waves (SASW) measurements performed at some of the study sites, the average V; of

400 to 800 ft/s was found to be reasonable.

2.3.2 Shale
The V, of shale is highly dependent on the degree of weathering and fracturing.

No measurements were performed on the shale in this study. However, based on other

measurements of I, of shale in Missouri and the variable degree of weathering and



fracturing in the rock, it is expected that V; of shale will likely fall in a broad range of

1200 ft/s to 2500 ft/s in most cases.

2.3.3 Limestone
The V; of limestone is also highly dependent on the degree of weathering and

fracturing. Based on a few laboratory measurements of intact limestones from one of the
campus projects, the V, is expected to exceed 5000 ft/s in many cases. Lower values are
possible when severe weathering is present. In addition, crosshole measurements

performed at a nearby Central Missouri location, showed V; of limestone of around 5000

ft/s or greater.
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2.4 Overview of HVSR Method

The HVSR method is a single-station geophysical method used to estimate the
resonant frequency of a site from ambient noise measurements. This technique was
originally proposed by Nogoshi and Igarashi (1971) and popularized by Nakamura
(1989). The HVSR method involves recording ambient vibrations for several minutes
using a three-component, portable seismometer. Ambient vibrations below 1 Hz are
typically from natural sources (ocean waves and wind), while ambient vibrations above 1
Hz are mostly due to human activity. The collected ambient noise records are divided
into individual time windows and the Fast Fourier Transform (FFT) is applied to convert
from the time domain to the frequency domain. The horizontal spectrums are merged and
divided by the vertical spectrum and a HVSR plot is created for each window. The HVSR
curves are then combined into an average HVSR curve. An example of selected number

of windows is presented in Figure 2.3 and the HVSR plot is presented in Figure 2.4.
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Figure 2.3 The HVSR ambient noise record showing the auto selected number of
windows (23 windows) for Ellis Library BH 1



Frequency (Hz)

Figure 2. 4 Spectral HVSR ratio for 600 s (10 min) time window of ambient records at
Ellis Library BH 1 (color lines). The mean (black continuous line) and standard deviation
are indicated (black dashed lines). Each color curve represents the HVSR plot for a single
window. In addition, the standard deviation of peak frequency (f,) is indicated (grey bar)

The Nakamura technique assumed that when the horizontal spectrum (H) is
divided by the vertical spectrum (V), the influence of the source effect is eliminated and
the fundamental resonant frequency of the sublayer soil can be determined (Lermo and
Chéavez-Garcia 1993). Thus, the HVSR peak frequency has a strong correlation with the
resonant frequency of the site. For cases of a uniform layer over a rigid bedrock, the site

frequency can be directly related to the sediment thickness and V, as:

f, = Vi/4H (Eq. 22)

where the f, is the resonant frequency of vertically propagating shear waves, 1 is the
shear wave velocity and the H is sediment thickness.

Therefore, with some knowledge of the I, and the measured frequency it is

possible to infer the depth to bedrock from the HVSR measurements. If the V; of the soil

10



changes with depth (as is usually the case), then the following approximate relationship

can be used:

fr = Vsave/4H (Eq. 2.3)

where f,. is the resonant frequency, V; 4y is the average shear wave velocity of the layers
and the H is sediment thickness.

Two averaging methods to estimate the Vg 4, of the materials have been used in

the literature. The first one is the simple weighted average:

XViZ;
Vs ave = m (Eq. 2.4)

where V 4y¢is the average V; ; H is the total sediment thickness; V; is the Vs at depth z;
and Z; is the sediment thickness of individual layers.

Another way to average the V is through the slowness average equation, as

presented below:

H

Zj
Zy;

Vs ave = (Eg. 2.5)

where Vs 4 = average shear velocity; H = total sediment thickness; V; = shear velocity
at depth z; and Z;= sediment thickness.

There are two interpretations on the origin of the HVSR frequency peak, namely,
surface wave ellipticity and vertically propagating shear waves. Surface waves have both
horizontal and vertical components and travel in the shallow zone near the free surface,
with particle motions decreasing exponentially with depth. If an impedance contrast (e.g.
soil over limestone) is encountered at depth, the amplitude of the vertical component will
decrease to near zero at a frequency that is close to the fundamental frequency of shear
wave resonance (Goetz and Rosenblad 2009). Therefore, the H/V plot will show a peak

close to the fundamental mode of shear wave resonance.
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The body wave explanation attributes the peak directly to ambient vertically
propagating, horizontally polarized shear waves. Ambient body waves consist of
compression waves and shear waves which may propagate vertically through the ground
and can reflect the through different material interfaces. When the body waves arrive at a
HVSR recording station, the horizontal components of the body waves are dominated by
the horizontal shear (SH) wave and the vertical component of the body waves is mainly
the compressional (P) waves. Therefore, when the HVSR is calculated, a peak is
observed at the frequency of shear wave resonance. (Goetz and Rosenblad 2009). Figure
2.5 demonstrates the HVSR for the body wave interpretation and for the surface wave
interpretation (Goetz and Rosenblad 2009). In most cases, the HVSR frequency peak is
likely composed of both body wave and surface wave energy. For the shallow depth
study performed in this work, it is likely that the origin of the peak is primarily due to

surface wave energy from nearby traffic and other man-made sources.
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Figure 2.5 Two interpretations of the HVSR method in terms of body waves (a) and
surface waves (b) showing the transfer function for 1D SH wave propagation (c) and the
HVSR ratio for Rayleigh wave propagation (d) (Goetz and Rosenblad 2009), indicating
that both wave types produce a peak at the same frequency
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2.5 Past Studies of HVSR

2.5.1 Microzonation Studies

The HVSR method has been used extensively in earthquake microzonation
studies. Microzonation is the process of evaluating the seismic hazard response from
local site effects and site characterization for a specific area. In HVSR applications to
microzonation studies, the focus is on quantifying the spatial variability of the site
frequency to better understand expected earthquake response. Numerous microzonation
studies using HVSR have been performed and a few examples are discussed in this

section.

Gallipoli et al. (2010) used the HVSR technique to support emergency seismic
microzonation in Italy after the 2009 Abruzzo earthquake, where heavy damage occurred
in towns like Navelli. Over 200 HVSR measurements were performed in the Abruzzo
region. In this study, the HVSR curve was compared to the Standard Spectral Ratio
(SSR) curve obtained from earthquake recordings. The HVSR results showed the peak
frequency was in good agreement with the peak frequency of the SSR curve. Thus, the
study showed the microtremor investigation is an effective tool for assessment of local
site response, especially when the available geological maps are unable to correlate with

observed presence of amplification from the seismic measurements.

Stanko et al. (2019) used the HVSR method to assess the seismic site
amplification in the City of Invanec. A total of 68 HVSR measurements were performed
in the 12 km? area and interpolation was used in between the measurement locations to
develop the respective frequency map. The frequency map of the City of Invanec showed

a strong correlation with the local geologic conditions.
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Fah (1997) studied and developed a qualitative micronation map for the city of
Basel, where the city has suffered multiple earthquakes in the past centuries. Fah
performed 232 HVSR measurements to obtain the HVSR peak frequency and the site
amplification. One and two-dimensional numerical modelling were used to estimate the
expected seismic ground motion during earthquakes. The developed qualitative
microzonation map showed an acceptable agreement with the distribution of past

earthquakes in the regions.

2.5.2 Average Shear Wave Velocity Determination

Based on Eq. 2.3, the site frequency and known bedrock depth can be used to
estimate the V; 4y for deep profiles where velocity profiles cannot be measured. Bodin et
al. (2001) performed more than 100 HVSR measurements at sites around Memphis,
Tennessee to infer the V 4y using this approach. The results show a strong correlation
between peak periods (inverse of frequency) and sediment thickness at these sites. In
addition, this study also concluded the V; 4, was clearly a function of sediment

thickness.

Goetz and Rosenblad (2009) performed HVSR measurements to explain different
estimates of V 4, from Bodin (2001) and Chen (1996). A total of 11 HVSR
measurements were collected in the upper Mississippi Embayment. The results, as
presented in Figure 2.6, showed good agreement with values from Chen (1996) with the
Vs, ave estimation from Bodin (2001) about 25% higher. These results showed the

limitations of the f, = V;/4h approach for estimating V; 4, of more complex profiles.
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Figure 2. 6 V; from HVSR measurements and simulated tests as a function of sediment

thickness for 11 sites in upper Mississippi embayment, compare to Vs values from Bodin
et al. (2001) and Chen et al. (1996) (Goetz & Rosenblad 2009)

2.5.3 Depth to Bedrock Estimation
Another application of the HVSR method is to develop a direct relationship
between the frequency and sediment thickness for a specific region. The studies

discussed below are the most relevant to this research.

Ibs-von Seht and Wohlenberg (1999) examined both the classic spectral ratio
technique and the HVSR method. They collected 102 microtremor measurements in the
western Lower Rhine Embayment, where the subsurface consists of soil over hard rock.
The results showed that the classical spectral ratio approach tends to be influenced by the
noise level and is less reliable in determining the resonant frequency of the sublayer soil.

The HVSR method showed a strong correlation with the sediment thickness over depth
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ranges from tens of meters to thousands of meters. Thus, Ibs-von Seht & Wohlenberg
(1999) developed a nonlinear relationship between the fundamental resonant frequency

(f,-) of soil and sedimental thickness (k) of the following form:

h=af.’ (Eq. 2.6)
where a and b are unknown regression coefficients.

The basis for this relationship comes from the simple formulation between the f,.
of a flat-lying sediment layer with an average shear velocity of V 4, and thickness h
overlying a hard-rock basement, as expressed in equation 2.3 (Lachetl & Bard 1994; Ibs-
von Seht & Wohlenberg 1999).

One advantage of developing relationships of the form of Eq. 2.6 is that explicit
measurement of I is not required. Ibs-von Seht and Wohlenberg (1999), Parolai et al.
(2002) and Hinzen et al. (2004) have published equations relating sediment thickness to

resonance frequency based on correlations to borings in Germany, as shown in Table 2.1.

Table 2. 1 HVSR Resonance Frequency- Power-Law-Function Fitting Parameters

Fitting Parameters Reference
a (meters) b R?
96 -1.388 | 0.981 | Ibs-von Seht and Wohlenberg,1999
108 -1.551 - Parolai et al., 2002
137 -1.190 - Hinzen et al.,2004

Delgado (2000) investigated Eq. 2.6 in the Bajo Segura basin to evaluate its usage
for a more complicated geotechnical area. The Bajo Segura basin was approximated as a
two-layer soil profile by Delgado, where the upper layer is soft deposits like clay, silt and
sand, the lower layer is either hardrock (limestone) or softrock (marl and conglomerate).
A total of 33 microtremor measurements were performed at locations where the depth to
bedrock is known. In addition, the V; of the clayey soil was estimated through the

relationship of Hardin (1978). The results showed a strong correlation between the HVSR
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frequency and the sediment thickness. Delgado (2000) claimed the average errors in the
depth estimates were about 15 %. In addition, the data were also fit to Eq. 2.6 to obtain
the a and b parameters, where the a parameter is in meter, this equation can be expressed

as:

h = 55.54 f~1268 (Eq. 2.7)
In addition to Eq 2.7, this relationship may relate to shear velocity in the following form:
V, = 222.57 f0268 (Eq. 2.8)
The work by Delgado (2000) showed Eq. 2.6 is suitable for estimating sediment
thickness using HVSR measurements. Degaldo (2000) claimed that the errors were likely

due to the lateral subsurface variation from the assumed V; profile.

Bignardi (2017) investigated the Ibs-von Seht and Wohlenberg’s approach with
focus on local subsurface variations from the modeling. First, Bignardi evaluated the
errors with the simple relationship of Eq. 2.2. He simulated a 50 ft, two-layer soil profile
(soil/hardrock), where the soil has various V; while the rock has a fixed V. Both normally
dispersive and inversely dispersive models were used in the simulation. The results
showed the normally dispersive model has errors between 15 to 25% and the inversely
dispersive model has errors exceeding 20%. Second, Bignardi computed the a and b
parameters in Eq. 2.6 for both body wave propagation and surface wave propagation. The
results showed the obtained a and b parameters from both wave propagations were very
similar to the values obtained by Ibs-von Seht and Wohlenberg. Bignardi also verified
that changing Vs 4 up to 10% at most introduces errors of 20% or less in the depth to

bedrock estimation.
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In addition, Lane et. al (2008) collected 11 HVSR measurements in Cape Cod,
Massachusetts, and 13 measurements in eastern Nebraska. He used the power-law-
function fitting parameter (Table 2.1) from Ibs-von Seht and Wohlenberg (1999) and
Parolai et. al (2002) to estimate the depth to bedrock. The estimated rock depths were
compared to the measured seismic refraction and/or the recorded depth to bedrock.
Figure 2.7 displays the bedrock estimation from all three methods and the reference
borehole depth at Cape Cod, Massachusetts. Lane et al (2008) shown the HVSR method

can be an effective tool to estimated depth to bedrock.
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Figure 2. 7 Intrepreted bedrock surface profile at Cape Cod, Massachusetts. (Lane et al,
2008)

Other studies like Pazzi et. al (2016) examined the use of HVSR measurements as
a tool for characterizing the landslide geometry in La Spezia, Italy and Grosseto, Italy.
They collected roughly 100 HVSR measurements and gathered punctual depth
measurements as referenced from boring logs. They interpolated the depth measured
from HVSR and reconstructed the landslide slip surface curve. Pazzi concluded the
HVSR measurements can serve as an effective tool to characterize the interface between

soil and rock.
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Dronfield et al. (2019) collected 65 HVSR measurements in the north-west part of
the Wilga Basin in Western Australia, which is difficult to access and has limited
subsurface information. The basin has approximately 250 meters of shallow sediment.
The HVSR data were normalized based on the maximum and minimum of the HVSR
amplitude, the data were then gridded along the survey transverse in cross-section view,
as shown in Figure 2.8. The results showed the effectiveness of the HVSR method in the
shallow basin, where little subsurface information is available. Dronfield showed that the

HVSR method is suitable for infer depth to rock when boring log information is limited.
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Figure 2. 8 Normalised HVSR data cross-section for one of the survey lines in the
western Wilga Basin. The black dash line highlighting the modeled base of the
sedimentary basin, and the interpreted normal fault in red. A possible coal seams is
indicated in white (Dronfield et al. 2019)

2.5.4 Factors Influencing HVSR Values
As mentioned in the earlier sections, the peak in the HVSR measurements, termed

fp for a two-layer model, is only an approximation to the natural resonant frequency of

the site (f,.). Thus, Eq 2.2 provides only an approximation of the depth and is only truly
19



valid in a two-layer system with a uniform Vs over rigid rock. Therefore, investigators
such as Tuan (2009) have looked at the factors influencing the validity of this

approximation.

Tuan showed the impedance ratio between the soil and the rock (B1/ 2) and
Poisson’s Ratio (v1) have major effects on the validity of the approximation. For small
impedance ratios (i.e. large impedance contrasts), such as for soil over limestone, and
Poisson’s Ratio of 0.25 or higher (which are expected for soil), the error from using Eq
2.2 falls between 5 and 10 %, as shown in Figure 2.9. For larger impedance ratios (i.e.

small impedance contrasts) the error can be as high as 40%.
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Figure 2. 9 Contours of (f,,)/(f;) as a function of vi and 1/ B2. The region with red
continuous lines indicates a clear single peak in the HVSR curve. The red square
indicates the high Poisson ratio values typical of soil and small impedance ratio (large
contrast between soil and rock)

Tuan also investigated how these site factors influenced different attributes of the
HVSR plot, including the frequency of the trough and the frequency of the peak. An
example is shown in Figure 2.10, which showed a ratio of the frequency of the trough to
peak can vary significantly with impedance contrast. Tuan suggested a low impedance
contrast will have a closer spacing between the peak and trough and a high impedance

contrast will have a wider spacing.

In this thesis, the use of these attributes to identify subsurface conditions from the

real HVSR measurements was studied.
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Figure 2. 10 Contours of (f,,)/(f;) as a function of trough/peak and B1/ 2. The red
continuous lines are the region with a clear single peak in the HVSR curve

2.6: Summary

This chapter presented a brief description of the geology around the University of
Missouri campus as well as the expected 1 of the soil/fill, shale, and limestone. The
HVSR method was described along with selected relevant literature to illustrate the wide

usage of the HVSR method in seismological and geotechnical engineering applications.
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3. SITE DESCRIPTIONS
3.1 Introduction

This chapter presents site descriptions and subsurface conditions at each of the
measurement locations around campus. A total of nine test areas were selected around the
University of Missouri campus, as shown in Figure 3.1. The sites were widely distributed
around the campus and sampled a range of subsurface conditions. A total of 134
boreholes were identified at these nine areas, 81 borehole locations were accessible such
that HVSR measurements could be performed (the others were under existing buildings),
and 65 measurements were used to develop the relationships presented later in this thesis
because 16 locations did not have bedrock identified from borehole investigations. The
information at these locations were compiled and used to develop ground-truth data to

examine the accuracy of bedrock depth predictions from the HVSR measurements.

The depth to limestone, shale (if present) and SPT refusal were identified from the
borehole data and are presented later in this chapter for each study area. Unfortunately,
the boring data from the older buildings did not include coordinates of the borehole
locations. Therefore, the coordinates shown for each borehole location were determined
from visual inspection of the borehole map and identifying the same points on Google
Earth imagery using obvious landmarks (e.g. buildings, trees, sidewalks). In most cases,
the estimated coordinates are expected to be within about 3 ft of the true borehole
locations. For two sites (MUHC and Roy Blunt NextGen Precision Health Building), the
HVSR measurements were performed shortly after the drilling was completed, so the
actual boring location could be easily identified for the two sites. The HVSR

measurements were performed within 1 foot of the boring.
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No surveys of ground elevations were performed as part of this study. Ground
elevations were supplied on each boring log with an accuracy of about 0.5 ft. For the
MUHC and NextGen sites, these elevations were unchanged at the time of the HVSR
measurements. For older boring data, the boring log elevations were compared to a
Digital Elevation Model (DEM) developed from LiDAR measurements performed in
2015. Any changes in elevations were used to correct the depth to bedrock determined
from the borings, as shown in the tables below. Additionally, Google Earth images were
used to confirm that no major topographic changes had occurred since the time of the
LiDAR measurements. For one site (State Historical Society of Missouri Center for
Missouri), the boring data were collected after the LIDAR data. In this case, visual
evidence from Google Earth was used and found no obvious changes in ground
elevations so no corrections to the boring log elevations were applied. In general, the
study area has depth to shale ranging from 6.5 ft to 44.2 ft and the depth to limestone

ranging from 8.2 ft to 53.6 ft.
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Figure 3. 1 Test areas around the University of Missouri campus where HVSR

measurements were performed and ground-truth borehole data was available (Google
Earth, 2022).
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3.2: Site Descriptions and Subsurface Conditions
3.2.1: Ellis Library Addition

The site investigation of the Ellis Library Addition project was completed in
1983, and included six borehole locations, as shown in Figure 3.2. Four of these borehole
locations were accessible for the HVSR measurements, as indicated with red boxes in
Figure 3.2. The general subsurface profile at the Ellis Library site consists of fill over
stiff clay over rock. The depth to rock is generally uniform across the site, with the
thickness of fill and clay above the rock ranging from 36.5 ft. to 41.5 ft. The rock is
fractured limestone and there is no indication of shale from the borehole logs at this
location. A summary of the rock depth identifications are provided in Table 3.1 and the

detailed boring logs can be found in Appendix A-1.

EXISTING LIBRARY

=—=.—=—.

o
u ]
H
[ L |
B-8
L o
88 [
=
PROPOSED LIBRARY ADDITION _~—_J
|
ConLEY !
AVENUE !
[l
T
ore .

QH BORING LOCATION 8 NUMBER folecoect ULUWARD-CLYDE CONSULTANTS! ]
SCALE , fr. 1]
SSa :'.'.-&;1 2 f’lmmul w1t ran]

Figure 3. 2 Ellis Library boring plan from 1983 (Aerial View), prepared by Woodward-
Clyde Consultants. Red square indicates location of HVSR measurements for this study.
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Table 3. 1 Depth to rock summary for Ellis Library boreholes

Borehole Approximate Elevation | Elevation | Changein | Depth Depthto | Depthto
Name Coordinate (Boring) | (LIiDAR) | Elevation to Limestone | Refusal
(1983)(ft) | (2015)(ft) (ft) Shale (ft) (ft)
*(ft)
B-1 38°56'38.01"N 765 764.8 0.2 NP 41.3 41.3
92°19'35.52"W
B-2 38°56'37.99"N 765 763.6 1.4 NP 39.6 39.6
92°19'37.47"W
B-3 38°56'37.62"N 764 764.9 -0.9 NP 37.4 37.4
2°19'33.15"W
B-4 38°56'39.22"N 761 759 2 NP 41.5 41.5
92°19'37.20"W

*NP indicates not present

3.2.2: Gateway Residence Hall

The site investigation of the Gateway Residence Hall was completed in 2012. A

total of eleven boreholes were drilled and five of them were accessible to perform the

HVSR measurements, as indicated in Figure 3.3. The general subsurface profile at the

Gateway Residence Hall is fill over stiff clay over shale and/or over limestone. The

thickness of fill and clay ranges from 23.5 ft to 33ft. The depth to rock varies

considerably at the Gateway Residence Hall site, with the depth to shale ranging from

23.5 ft to 39.5 ft and the depth to limestone ranging from 36.5 ft to 41.5 ft. Both shale and

limestone are moderately weathered at this site. A summary of the depth to limestone,

shale and refusal is presented in Table 3.2 and the detailed boring logs for this site can be

found in Appendix A-2.
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Table 3. 2 Depth to rock summary for Gateway Residence Hall boreholes

Borehole Approximate Elevation | Elevation | Change in | Depth Depthto | Depthto
Name Coordinate (Boring) | (LIDAR) | Elevation to Limestone | Refusal
(2012)(ft) | (2015)(ft) (ft) Shale (ft) (ft)
*(ft)
B-1 38°56'19.70"N 750 749 1 NP 25 25.3
92°19'24.21"W
B-2 38°56'18.67"N 750 746.9 3.1 20.4 29.7 39.7
92°19'24.55"W
B-6 38°56'18.58"N 760.5 756.8 3.7 NP 28.8 38.8
92°19'20.57"W
B-7 38°56'19.55"N 761 757.7 3.4 36.1 41.6 44.6
92°19'20.82"W
B-11 38°56'18.37"N 762 760.7 1.3 NP 317 32
92°19'21.64"W

*NP indicates not present

3.2.3: Donald W. Reynolds Journalism Building

The site investigation of the Donald W. Reynolds Journalism Building was

completed in 2004. A total of nine boreholes were drilled and the HVSR measurements
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were performed on four accessible borehole locations, as indicated with red boxes in
Figure 3.4. The general subsurface profile at the Journalism Building is fill over silty clay
over shale and/or over limestone. The thickness of fill and clay layers ranges from 21 ft
to 27 ft. The depth to shale when present ranges from 25 to 27 ft and the depth to
limestone varies considerably from 21 ft to 44 ft. A summary of the depth to limestone,

shale and refusal is presented in Table 3.3 and the detailed boring logs for this site can be

found in Appendix A-3.

LAB NO.__ 9309 _ PLAN OF
PROJECT: Donatd W. Reynolds Journalism BORING LOCATIONS

Columbia, Missouri

SCALE 17 = 40’

e A —

NINTH STREET

Engineering Surveys & Services
Columbic, “w{s

Figure 3. 4 Donald W. Reynolds Journalism Building boring plan (Aerial View),

prepared by Engineering Surveys and Services. Red square indicates location of HVSR
measurements for this study
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Table 3. 3 Depth to rock summary for Donald W.

Reynold Journalism Building boreholes

92°19'40.51"W

Borehole Approximate Elevation | Elevation | Change Depth Depth to Depth
Name Coordinate (Boring) (LIiDAR) in to Shale | Limestone to
(2004)(ft) | (2015)(ft) | Elevation *(ft) (ft) Refusal
(ft) (ft)
B-2 38°56'50.38"N, 740.6 744 -34 NP 24.4 24.5
92°19'39.90"W
B-5 38°56'49.96"N, 743.3 743.3 -0.1 25.0 26.1 26.2
92°19'39.90"W
B-6 38°56'48.83"N, 741.3 741.7 -0.4 27.0 439 43.9
92°19'41.48"W
B-7 38°56'48.82"N, 742.1 742.6 -0.5 26.0 38 38.1

*NP indicates not present

3.2.4: Lee’s Hall

The site investigation of Lee’s Hall was completed in 1992. A total of 18

boreholes were drilled and the HVSR measurements for this study were performed at 12

accessible borehole locations, as indicated with red boxes in Figure 3.5. The general

subsurface profile at the Lee’s Hall is fill over silty clay over shale and/or over limestone.

The thickness of fill and silty clay ranges from 8 ft to 20 ft and the depth to rock varies

considerably from 8 ft to 20 ft. The rocks are weathered shale and moderately weathered

limestone. A summary of the depth to limestone, shale and refusal is presented in Table

3.4 and the detailed boring logs for this site can be found in Appendix A-4.
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Figure 3. 5 Lee’s Hall boring plan (Aerial View), prepared by Engineering Surveys and
Services. Red square indicates location of HVSR measurements for this study
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Table 3. 4 Depth to rock summary for Lee’s Hall boreholes

Borehole | Approximate Elevation | Elevation | Changein | Depth Depthto | Depth to
Name Coordinate (Boring) | (LIiDAR) | Elevation | to Shale | Limestone | Refusal

S EEEE T (1992)(ft) | (2015)(ft) (ft) *(ft) (ft) *(ft)
B-1 92°1943 89w | 7299 729.2 0.7 14.3 15.3 18.5
B2 | oooonedt | A 7207 N/A 9 13 182
B-3 ggifgiij;iiiiw 725.6 724.5 1.1 13.9 18.9 21.8
B-5 ggiigiig;ggiiw 727 724.7 2.3 10.7 13.7 NP
B-6 3225812‘5‘;2‘7‘1% 724.5 723 15 NP 12.5 NP
B8 | soosarow | NMA | 787 | NA | 8 | 165 | 167
B-11 gg:ig:ﬁg:gg:{)’v’ 729.3 727.9 1.4 18.1 19.6 NP
B13 | 00BN | 7289 | 7302 13 | 153 | o248 NP
814 | sosomeeew | 704 | mse | 2 | es | 82 |
B15 | Soo009e N | 7264 | 7203 6.1 79 134 NP
818 | Soveuncew | 7196 | NA | NA | 85 | 102 | 15

*NP indicates not present

3.2.5: The State Historical Society of Missouri Center for Missouri Studies
(SHSMO)

The site investigation of SHSMO was completed in 2016. A total of 17 boreholes
were drilled and the HVSR measurements were performed at 9 accessible borehole
locations, as indicated in Figure 3.6. The Google Earth Imagery showed no significant
change in landscape from 2016 to 2022 so the ground elevation given in the borings were
used without correction. The general subsurface profile at the SHSMO is fill over silty
clay over shale and/or over limestone. The thickness of fill and silty clay ranges from 9 to
24 ft and the depth to rock ranges from 9 to 24 ft as well. The rocks are weathered shale

and weathered limestone at this site. A summary of the depth to limestone, shale and
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refusal is presented in Table 3.5 and the detailed boring logs for this site can be found in

Appendix A-5.
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Figure 3. 6 The State Historical Society of Missouri Center for Missouri Studies
(SHSMO) boring plan (Aerial View), prepared by Engineering Surveys and Services.
Red square indicates location of HVSR measurements for this study

33



Table 3. 5 Depth to rock summary for The State Historical Society of Missouri Center for
Missouri Studies (SHSMO) boreholes**

Borehole Approximate Eleva}tion Depth to I_Depth to Depth to
Name Coordinate (Boring) Shale Himesone e

(2016)(ft) | *(ft) *(f) ()
51| grgsoorw | 75 | 1S | 10 | 180
52 | grigmerw | 705 | W | om0 | 195
B5 | oomgwrzow | 78T | %0 | W -
57 | grigmperw | 755 | 95 | s | 10
B8 | grigmopew | 734 | W | w5 | uo
59 | grigmoerw | 799 | M| ms | 2
510 | gprgggqrw | L7 | NP | 1o | us

*NP indicates not present
**No LiDAR data were available; Google Earth imagery showed no significance
change in landscape from 2017 to 2022

3.2.6: Stewart Hall

The site investigation for Stewart Hall was completed in 2015. A total of five
boreholes were drilled and three were accessible to perform the HVSR measurements, as
marked with red squares in Figure 3.7. The general subsurface profile at Stewart Hall is
fill over clay over shale and/or over limestone. The thickness of fill and clay ranges from
36 to 39 ft, while the depth to rock varies considerably from 36 to 51 ft. The rocks are
shale and weathered limestone at this site. A summary of the depth to limestone, shale
and refusal is presented in Table 3.6 and the detailed boring logs for this site can be found

in Appendix A-6.
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573-447-3981
www CrockettGTLcom

Figure 3. 7 Stewart Hall boring plan (Aerial View), prepared by Crockett. Red square
indicates location of HVSR measurements for this study

Table 3. 6 Depth to rock summary for Stewart Hall boreholes

92°19'28.82"W

Borehole | Apbproximate Elevation | Elevation | Change in D(:gth Depth to Depth to
Name ggordmate (Boring) | (LIDAR) | Elevation | o - | Limestone | Refusal
(2015)(ft) | (2015)(ft) (ft) (ft) *(ft) *(ft)
38°56'43.05"N,
B-1 92°19'27 70" W 764 762.8 1.2 36.8 50.3 50.8
38°56'42.08"N,
B-2 92°19'27 60"W 762 762.9 -0.9 39.9 40.9 414
B-ox | J87564287'N, | 44 761 0 36.0 NP NP

*NP indicates not present

3.2.7: MUHC East Pavilion

The site investigation of MUHC East Pavilion was completed in 2020. A total of

22 boreholes were drilled and HVSR measurements were performed at thirteen accessible

locations, as indicated in Figure 3.8. The HVSR measurements were performed within +

1 foot of borehole locations right after the site investigation where borehole locations
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were obvious. Therefore, no corrections to the ground elevations from the borings were
necessary. The general subsurface profile at MUHC is fill over stiff clay over shale
and/or over limestone with the thickness of fill and clay ranging from 27 to 38 ft and the
depth to rock varying drastically from 27 ft to 54 ft. The rocks are severely weathered
shale and fractured limestone. A summary of the depth to limestone, shale and refusal is
presented in Table 3.7 and the detailed boring logs for this site can be found in Appendix

A-T7.
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Figure 3. 8 MUHC East Pavilion boring plan (Aerial View), prepared by Crockett. Red
square indicates location of HVSR measurements for this study
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Table 3. 7 Depth to rock summary for MUHC East Pavilion boreholes**

Borehole Name Acpg(;?;irrlr;?ée Depth(;?) Shale | Depth to(fl_t)imestone Depth t(?t )Refusal
31| origseerw | 330 90 90
82 | oriomeow | 30 500 56
83 | oriomarw | = 526
B4 | origsaarw | %0 90 0
85 | oriomarw | %0 475 475
86 | origsaeew | 20 30 30
87 | orromerw | 30 90 390
B8 | oriomarw | %9 285 285
B9 | oriomaoew | % 296 Y
B0 | gpromerw | %8 97 w7
U | spromorw | 20 50 w00
812 01931 T5W NP** 275 275
B8 | grpgsmew | NP 185 188

**NP indicates not present
* No LiDAR data, HVSR measurements were performed right after drilling when
borehole locations could be observed and ground elevations were unchanged

3.2.8: Roy Blunt NextGen Precision Health Building (NextGen)

The geotechnical investigation at NextGen was completed in 2018. A total of 22
boreholes were drilled and HVSR measurements were performed at thirteen accessible
locations, as marked in Figure 3.9. The HVSR measurements were performed within + 1
foot of borehole locations soon after the site investigation, where borehole location could
be observed. Therefore, no corrections to the elevations in the boring logs were
necessary. The general subsurface profile at the NextGen site is fill over stiff clay over

shale and/or over limestone. The thickness of fill and clay ranges from 16 to 24 ft and the
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depth to rock varies drastically from 16 to 52 ft. The rocks are weathered shale and intact

limestone at this site. A summary of the depth to limestone, shale and refusal is presented

in Table 3.9 and the detailed boring logs for this site can be found in Appendix A-9.
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Figure 3. 9 Roy Blunt NextGen Precision Health Building (NextGen) boring plan (Aerial
View), prepared by Crockett. Red square indicates location of HVSR measurements for

this study
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Table 3. 8 Depth to rock summary for Roy Blunt NextGen Precision Health Building
(NextGen) boreholes**

Borehole Name Approximate Depth to Shale | Depth to Depth to Refusal

Coordinate *(ft) Limestone *(ft) *(ft)
- %293325333% 235 NP NP
5 02°3242 T0W 23 25.5 26.0
58 00°3044 30W NP 16.5 17.0
i oW | B NP NP
1| pamerew | ® NP NP
14| prmwerw 16 205 210
BI5 | spmpusopw | 190 225 20
516 | rmpmoyw | 20 25 30
B | pmuseew | 170 166
18| rmpussew | M s 167
19 | rmuprow | W 24 245
N o 520 s2.5
52 | grapmerew | B0 520 s2.5

*NP indicates not present

**No LIDAR data were available, HVSR measurements were performed right
after drilling when borehole locations could be observed and ground elevations
were unchanged

3.2.9: Virginia Housing and Dining

The geotechnical survey at Virginia Housing and Dining was completed in 2001.
A total of 26 boreholes were drilled and the HVSR measurements were performed at 13
locations, only three locations encountered rock and they are indicated with red square in
Figure 3.10. The Google Earth imagery showed no significance change in landscape from
2001 to 2022. The general subsurface profile is fill over clay over shale or limestone at

the Virginia Housing and Dining. The depth to rock shows only small variations at the
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three locations with a range from 39 to 44 ft. The rocks are weathered shale or weathered

limestone at this site. A depth to rock summary is presented in Table 3.9 and the detailed

boring log can be found in the Appendix A-9.
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Figure 3. 10 Virginia Housing and Dining boring plan (Aerial View), prepared by
Terracon (Red square indicates location of HVSR measurements)
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Table 3. 9 Depth to rock summary for Virginia Housing and Dining boreholes

Change

Depth

Borehole Approximate Elevation | Elevation in o Depthto | Depthto
Name Cpgordinate (boring) | (LIDAR) Elevation | Shale Limestone |- Refusal
(2001)(ft) | (2015)(ft) | gy () (f)* (f)
38°56'26.60"N,
B-3 92°19'23 56" W 766 768 0 39 NP 42.2
38°56'26.63"N,
B-5 38°56'26.63"N 769 770 1 44.2 NP 44.2
38°56'26.95"N,
B-6 92°19'24 17" W 763 763 0 N/A 38.5 38.5

*NP indicates not present

3.3: Rocheport Bridge Approach Site — Field Verification Study

The project is located about 10 miles west of the University of Missouri campus.
There was a need to estimate the depth to rock for a region located north-west of the
existing 1-70 route. Settlement calculations of the soil over the rock will be performed
and the thickness of the soil is an important input. Limestone outcrops were evident and
nearby borings showed shallow limestone with no shale. However, it was not clear how
deep the limestone interface plunged below the surface at the locations off the I-70

alignment. Rough estimates of a few feet to several tens of feet were equally likely.

Drill rigs could not easily access the site due to the difficult terrain, so refraction
measurements were performed by another contractor. The refraction measurements
required cutting line through vegetation, deployment of numerous sensors and use of an
active source. The HVSR measurements were performed in an afternoon to supplement
the drilling and refraction information. No information was provided prior to the HVSR
interpretation. A total of 6 HVSR measurements were performed along the line where
the refraction measurements were performed. Figure 3.11 shows the approximate location
where the HVSR measurements and refraction measurements were performed. The

results of the HVSR measurements are discussed in Chapter 5.
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HVSR Measurements

Figure 3. 11 The approximate location where six HVSR measurements were performed
(star) and the refraction measurement (red solid-line).

3.4: Summary

In this chapter, the general subsurface profile at each site was described briefly.
The sites selected sample a variety of subsurface conditions and a wide range of depth to
bedrock. A total of 81 HVSR measurements were performed at the accessible borehole
locations, 65 measurements are used to develop the relationships for the University of

Missouri campus that are presented in Chapter 5, The other six measurements were a
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verification study. In addition, a summary table of approximate borehole location, ground

elevation, the depth to shale, limestone and refusal was presented for each site.
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4. METHODS
4.1 Introduction

HVSR measurements were performed at the locations described in Chapter 3. In
this chapter, the procedures used for the HVSR data collection, processing and
interpretation are described. A summary of the data collection procedures, including
equipment, location, measurement date, surface condition, and ambient noise
environment are presented, followed by descriptions of the HVSR data processing
procedures. Lastly, the procedures used to interpret the HVSR data, as well as the

borehole data are described.

4.2 HVSR Data Collection Procedures

HVSR measurements were recorded using a three-component seismometer
(Geospace Model type HS-1 3C Array), as shown in Figure 4.1a. This device consists of
three geophones, each with a resonant frequency of 2 Hz (one vertical and two
horizontal). To perform the measurement, the three-component seismometer was placed
on the ground near each borehole location. For cases where the borehole location was
still visible, the sensor was placed within 1 ft of the borehole location. For cases where
the location was identified from a boring map, the sensor was placed as close as possible
to the estimated borehole location, which is likely to be within about 3 ft in most cases.
The sensor was either placed directly on asphalt pavement or on soil, as shown in Figure
4.1b and 4.1c, respectively. After placement, the device was carefully leveled by
adjusting the feet of the sensor and monitoring a bubble level on the sensor. The two
horizontal geophones were oriented in the north/south and east/west directions for all
measurements. All measurements were recorded using a four-channel Data Physics

“Quattro” dynamic signal analyzer (Figure 4.1d) and SignalCalc Ace 2.4 software. The
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“Quattro” is powered directly from a laptop computer and the software was set-up to
record ambient noise over a 10-minute period of time. The data collection set-up window
used in the SignalCalc software is presented in Figure 4.2. In the figure, channels 1, 2,
and 3 are marked, indicating the recordings from the Vertical, North, and East oriented
geophones, respectively. The voltage (V) range for the ambient noise was set to the
lowest setting of 0.1 Volts. The frequency range was set to 50 Hz, the sampling
frequency was set to 128 Hz, and the measurement duration was set to 600 sec (10 mins)
for all measurements. An example of an ambient noise record is presented in Figure 4.3.
Table 4.1 summarizes the location name, date, surface condition, and ambient noise

environment for each measurement.

It is important to note that the seismometer has a dimension of 6 in. by 6 in. by
3.5in. and only weighs about 3.5 kg. Thus, it is very portable and can be carried by a
single person and deployed rapidly with measurements collected within 15 mins. Also, it
does not require an active source, which also contributes to the portability and efficiency

of the technique.
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Leveling
Foot

(b)

Seismometer

(d)

Figure 4.1 The three-component seismometer (a), HVSR measurements collected on the
top of soil (b) and pavement (c), the four-channel Data Physics “Quattro” dynamic signal
analyzer (d).

Figure 4.2 The testing equipment for HVSR measurement
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Figure 4. 4 An example of recorded ambient time record from the Vertical (Z), North (N)
and East (E) directions at Ellis Library BH 1 location.
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Table 4. 1 Summary of the date and conditions for all HVSR measurement locations.

Location | Measurement Surface Noise Location | Measuremen Surface Noise
Name Date Condition | Environment Name t Date Condition Environment

Ellis BH- | 11/20/2020 Soil No traffic SHSMO | 11/23/2022 Pavement Light traffic
1 BH-1
Ellis BH- | 11/20/2020 Pavement | No traffic SHSMO | 11/23/2022 Pavement Light traffic
2 BH-2
Ellis BH- | 11/20/2020 Soil No traffic SHSMO | 11/23/2022 Pavement Light traffic
3 BH-5
Ellis BH- | 11/20/2020 Brick No traffic SHSMO | 11/23/2022 Pavement Light traffic
4 BH-7
Gateway | 11/21/2020 Pavement | Light traffic SHSMO | 11/23/2022 Pavement Light traffic
BH-1 BH-8
Gateway | 11/21/2020 Soil Light traffic SHSMO | 11/23/2022 | Pavement Light traffic
BH-2 BH-9
Gateway | 11/21/2020 Pavement | Light traffic SHSMO | 11/23/2022 | Pavement Light traffic
BH-6 BH-10
Gateway | 11/21/2020 Pavement | No traffic SHSMO | 11/23/2022 | Pavement Light traffic
BH-7 BH-13
Gateway | 11/21/2020 Soil No traffic SHSMO | 11/23/2022 | Pavement Light traffic
BH-11 BH-16
Journalis | 11/21/2020 Pavement | Light traffic Stewart 11/20/2020 Pavement No traffic
m BH-2 BH1
Journalis | 11/21/2020 Pavement | Light traffic Stewart 11/20/2020 Pavement No traffic
m BH-5 BH2
Journalis | 11/21/2020 Pavement | Light traffic Stewart 11/20/2020 | Brick No traffic

m BH-6 BH2'
Journalis | 11/21/2020 Soil Light traffic MUHC 3/10/2021 Soil Light traffic
m BH-7 BH-1

Lee's Hall | 11/22/2022 Pavement | High traffic MUHC 3/10/2021 Soil Light traffic
BH-1 BH-2

Lee's Hall | 11/22/2022 Soil Light traffic MUHC 3/10/2021 Soil Light traffic
BH-2 BH-3

Lee's Hall | 11/22/2022 Pavement | High traffic MUHC 3/10/2021 Pavement Light traffic
BH-3 BH-4

Lee's Hall | 11/22/2022 Pavement | No traffic MUHC 3/10/2021 Pavement Light traffic
BH-5 BH-5

Lee's Hall | 11/22/2022 Pavement | Light traffic MUHC 3/10/2021 Pavement Light traffic
BH-6 BH-6

Lee's Hall | 11/22/2022 Soil Light traffic MUHC 3/10/2021 Pavement Light traffic
BH-8 BH-7

Lee's Hall | 11/22/2022 Pavement | Light traffic MUHC 3/10/2021 Pavement Light traffic
BH-11 BH-8

Lee's Hall | 11/22/2022 Pavement | No traffic MUHC 3/10/2021 Pavement Light traffic
BH-13 BH-9

Lee's Hall | 11/22/2022 Pavement | No traffic MUHC 3/10/2021 Pavement Light traffic
BH-14 BH-10

Lee's Hall | 11/22/2022 Pavement | No traffic MUHC 3/10/2021 Pavement Light traffic
BH-15 BH-11

Lee's Hall | 11/22/2022 Pavement | No traffic MUHC 3/10/2021 Pavement Light traffic
BH-18 BH-12
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Table 4.1 Continued.

Location | Measurement Surface Noise Location | Measurement Surface Noise
Name Date Condition | Environment Name Date Condition Environment
MUHC 3/10/2021 Pavement | Light traffic Nextgen | 5/10/2019 Pavement No traffic
BH-13 BH18

Nextgen 5/10/2019 Pavement | No traffic Nextgen | 5/10/2019 Pavement No traffic
BH-5 BH19

Nextgen 5/10/2019 Pavement | No traffic Nextgen | 5/10/2019 Pavement No traffic
BH-6 BH21

Nextgen 5/10/2019 Pavement | No traffic Nextgen | 5/10/2019 Pavement No traffic
BH-8 BH22

Nextgen 5/10/2019 Pavement | No traffic Virginia | 11/23/2022 Pavement No traffic
BH-9 BH-3

Nextgen 5/10/2019 Pavement | No traffic Virginia | 11/23/2022 Pavement No traffic
BH11 BH-5

Nextgen 5/10/2019 Pavement | No traffic Virginia | 11/23/2022 Pavement No traffic
BH14 BH-6

Nextgen 5/10/2019 Pavement | No traffic

BH15

Nextgen 5/10/2019 Pavement | No traffic

BH16

Nextgen 5/10/2019 Pavement | No traffic

BH17

4.3 HVSR Data Processing Procedures

The HVSR data processing procedures involve dividing the ambient noise record
into many short individual time windows (Fig. 4.5) and applying the Fast Fourier
Transform (FFT) to each windowed time record. The FFT transforms the ambient noise
record from the time domain into the frequency domain. For each window, two
horizontal spectra are merged using the squared-average method, which is taken as the
square root of the sum of the squared values from the horizontal spectra. This resulting
squared-average horizontal spectrum is divided by the vertical spectrum, to produce the
HVSR spectrum for each window. The multiple HVSR spectra from individual windows
are then plotted together and an average HVSR value is calculated for each frequency,

resulting in a single average HVSR plot, as shown in Fig 4.6.
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Figure 4. 5 The HVSR ambient noise record showing the auto selected number of
windows (12 windows) for Roy Blunt NextGen Precision Health Building BH 14.

In this study, HVSR plot generation and data interpretation for all ambient noise
records were performed using the Geopsy software v3.2.1, which was developed by the
SESAME (Site EffectS assessment using AMbient Excitation) Project. The Geopsy H/V
toolbox (i.e. HVSR) has automated and manual windows selections, various parameters
to process the ambient noise data, and a display of the processed results. All processing
parameters were selected and used in accordance with the recommended values from the
Geopsy User Guideline (2005). The parameters used in this study are presented in Table

4.2 and the explanations for choosing these parameters are provided below.

The window length in Table 4.2 refers to the time duration in seconds used to
calculate individual HVSR curves. Geopsy guidelines recommend a window length of at
least 5 seconds for recordings performed with a 2-Hz geophone. In Table 4.2, the terms
STA (short term average) and LTA (long term average) refer to time durations used to
calculate the average level of signal amplitude over a brief period of time and a long

period of time, respectively. The ratio of STA/LTA is used in an anti-triggering algorithm
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to filter out transient noise such as pedestrian footsteps or close traffic, as shown in
Figure 4.5. Geopsy guidelines recommend using STA values of around 0.5to 2 s and
LTA of several tens of seconds. Additionally, the Konno & Omachi smoothing algorithm
was used to remove rapid fluctuations with a smoothing bandwidth constant of 40, as
recommended in the Geopsy guidelines. Also, a cosine taper was used to overcome any
unexpected discontinuities that may affect the Fourier spectrum. A frequency range of 3
to 30 Hz was selected for display, because 3 Hz is above the operating range of a 2 Hz
geophone and 30 Hz is the upper bound of the expected site resonance frequencies. Once
all the desired parameters were loaded into the H/V toolbox, the average, smoothed
HVSR plot was calculated. An example of the smoothed HVSR spectrum is presented in

Figure 4.6.

Table 4. 2 Default VValues for Processing Parameters.

Chosen processing parameters
Window Length 25 seconds
STA 1 second
LTA 30 seconds
Min STA/LTA 0.2
Max STA/LTA 2.5
Anti-triggering on Raw Signal Yes
Smoothing Konno &
Omachi
Smoothing Bandwidth Constant 40
Tapering Cosine
Horizontal Component Merge Square
Average
Display Frequency Range 3t030Hz
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Figure 4. 6 Spectral HVSR ratio developed from the squared average method using 600 s
(20 min) time window of ambient noise recorded at the Ellis Library BH1 location. The
mean (black continuous line) and standard deviation are indicated (black dashed line).
Each colored curve is the HVSR curve for an individual window. In addition, the
standard deviation of peak frequency (f,) is indicated (grey bar).

4.4 Data Interpretation Procedures
4.4.1 Interpretation of HVSR data

To meet the primary objective of this study, the data interpretation involved
identifying the frequency of the peak value in all HVSR plots. These values were used to
develop a local relationship between the measured frequency and depth to bedrock for the

campus of the University of Missouri. These relationships are presented in Chapter 5.

In many cases, a clear, single peak is evident from HVSR measurements, as
shown in Figure 4.6. For cases, where multiple peaks are observed the primary peak is

chosen to be the highest value of the peaks, as shown in Figure 4. 7. The uncertainly of
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this peak is indicated by the standard deviation of the frequency of this peak, as indicated

by the grey bands in Figure 4.7.

10 [ \ Y 7

Peak value

Peak value

5 10 5 10

Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 4. 7 The HVSR plot with a narrow standard deviation from Lee’s Hall BH 8,
where two peak frequencies were observed (a). The HVSR plot with a wide standard
deviation from Journalism Building BH 6, where three peak frequencies were observed

(b).

A secondary interpretation of the data involved identifying various features of the
HVSR plots apart from the peak, as shown in Figure 4.8. These attributes including the
frequency of trough (f,), the standard deviation of the amplitude of the trough (STD, 4,),
the standard deviation of the amplitude of the peak (STD, A4,,), the standard deviation of
frequency of the peak (STD, f,), the amplitude ratio between peak and trough (4,/4,),
and the frequency ratio between peak and trough (f,,/f;). These attributes were used to

investigate if certain subsurface profile conditions could be identified from HVSR

attributes, as shown for simple profiles in the work of Tuan (2009).
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Figure 4. 8: The HVSR plot from The Ellis Library BH1. The trough (f,), the standard
deviation of the amplitude of the trough(STD, A,), the standard deviation of the
amplitude of the peak (STD, A,), the standard deviation of frequency of the

peak(STD, f,), the amplitude ratio between peak and trough(4,/A;), and the frequency
ratio between peak and trough(f,/f;) are labeled

4.4.2 Interpretation of Borehole Data

The depth to rock was determined from the ground elevation to the soil/rock

interface, as identified from boring logs. It was not possible to perform elevation surveys

55



at the HVSR locations at the time of measurement. Therefore, the ground elevation
recorded in the boring log at the time of the boring was noted. The elevation from older
logs were compared to a Digital Elevation Model (DEM) of the campus from 2015
LiDAR data to determine any changes in the ground elevation. The changes that were
identified were applied to the elevation data and corrected. In addition, Google Earth
imagery was used to visually confirm that no major changes in elevation occurred from
2015 to the date of the HVSR measurements. The depth to bedrock values are estimated
to be within + 1 ft of true value. For locations where the HVSR measurements were
performed immediately after the borings (such that the boring location was still evident),

the ground elevation was used directly from the boring log without correction.

4.5 Summary

This chapter covered the methods used to perform the HVSR data collection,
processing, and interpretation. A summary of the HVSR equipment, deployment
procedures, location name, measurement date, surface condition, and ambient noise
environment were presented. In addition, interpretations of the HVSR peak value and
additional attributes were discussed. Lastly, the interpretations of the borehole data were

described in this chapter.
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5. RESULTS
5.1 Introduction

This chapter presents the relationships that were developed between the HVSR
frequency values and depth to bedrock. First, a relationship was developed using all 65
HVSR measurements plotted versus the depth to where rock was first encountered (as
identified from boring logs). Then, the data from this plot were separated based on
subsurface conditions, namely: soil over limestone and soil over shale over limestone.
Lastly, the soil over shale over limestone subsurface profile data were divided into
categories based on the thickness of shale. Finally, results are presented to investigate if
other attributes of HVSR plots can be used to identify subsurface conditions. In addition,
a practical, real-world application of the HVSR relation developed in this study is

presented.

5.2 Depth to Bedrock Relationship - All HVSR Measurements

A total of 65 HVSR plots were generated in this study, as presented in Appendix
B. The frequency of the highest peak of each HVSR plot, as well as the standard
deviation of the frequency of the peak value, were identified for each plot and are
summarized in Table 5.1. A plot of the frequency versus the depth to first bedrock
encountered was developed using the values in Table 5.1 and Tables 3.1 to 3.9 in Chapter
3, as presented in Figure 5.1. The depth to first bedrock is defined as the depth at the

first soil/rock interface, as identified by the descriptions in the boring log.
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Table 5. 1: Frequency of HVSR peak and standard deviation for each measurement

Location Name Frequency of | Standard Location Name Frequency | Standard
HVSR peak Deviation of HVSR Deviatio
(Hz) (Hz) peak (Hz) n (Hz)
Ellis BH-1 5.03 0.17 STEWART BH2' 6.20 0.91
Ellis BH-2 5.13 0.64 Stewart BH1 5.95 0.44
Ellis BH-3 6.58 1.87 Stewart BH2 6.20 0.84
Ellis BH-4 5.30 0.32 MUHC BH-1 8.13 2.11
Gateway BH-1 7.48 1.18 MUHC BH-2 6.21 0.22
Gateway BH-6 6.41 1.12 MUHC BH-3 6.67 0.78
Gateway BH-11 6.93 1.20 MUHC BH-5 6.42 0.64
Gateway BH-2 8.05 1.96 MUHC BH-6 7.21 2.03
Gateway BH-7 5.58 1.80 MUHC BH-7 6.54 0.27
Journalism BH-2 6.23 1.52 MUHC BH-8 6.58 0.42
Journalism BH-5 6.11 1.38 MUHC BH-9 6.97 2.27
Journalism BH-6 6.08 1.65 MUHC BH-10 6.61 0.77
Journalism BH-7 8.33 2.05 MUHC BH-11 6.56 3.77
Lee's Hall BH-1 7.98 0.55 MUHC BH-13 8.98 3.05
Lee's Hall BH-2 14.15 3.14 MUHC BH-4 6.33 0.70
Lee's Hall BH-3 7.73 0.31 MUHC BH-12 8.05 0.68
Lee's Hall BH-5 7.92 0.68 NextGen BH6 8.97 1.44
Lee's Hall BH-8 13.06 2.39 NextGen BH14 11.66 0.90
Lee's Hall BH-11 7.91 1.00 NextGen BH15 10.77 1.49
Lee's Hall BH-13 7.63 0.47 NextGen BH16 8.63 0.78
Lee's Hall BH-14 13.24 2.38 NextGen BH21 7.25 0.37
Lee's Hall BH-15 13.57 0.75 NextGen BH8 10.05 1.30
Lee's Hall BH-18 14.47 0.85 NextGen BH22 8.29 1.41
Lee's Hall BH-6 11.12 1.90 NextGen BH17 11.52 1.10
SHSMO BH-1 12.60 0.51 NextGen BH18 9.65 0.88
SHSMO BH-7 12.44 111 NextGen BH19 7.70 1.87
SHSMO BH-16 12.14 1.94 NextGen BH5 6.81 0.73
SHSMO BH-13 16.97 3.46 NextGen BH11 7.50 0.69
SHSMO BH-2 13.66 1.78 NextGen BH9 8.89 1.31
SHSMO BH-8 12.60 0.72 Virginia BH-6 5.70 0.25
SHSMO BH-10 13.61 3.93 Virginia BH-3 5.82 0.88
SHSMO BH-9 18.34 451 Virginia BH-5 4.82 0.84
SHSMO BH-5 9.14 1.65
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Figure 5. 1 HVSR frequency versus depth to first bedrock encountered from 65 HVSR
measurements. The standard deviations of peak frequencies are indicated with error bars.

Equation 2.1 expresses the relationship between the resonant frequency of the
site, the depth to rock, and shear wave velocity (V) for an ideal two-layer profile,

consisting of uniform soil with constant velocity over rigid bedrock:

£ =V,JAH (Eq. 2.1)

Where the £, is the resonant frequency, V; is the shear wave velocity and the H is
sediment thickness.

This relationship can be rearranged into the power function form:
H =025V, * f.~* (Eq. 5.1)

where the H is sediment thickness, V; is shear wave velocity and £, is the resonant
frequency.
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Equation 5.1 is only truly valid when the subsurface profile is a uniform soil over
rigid bedrock. However, because the shear wave velocity of the top layer usually varies
with the depth, the 1} is not a constant. In addition, in real cases, there is a finite
impedance contrast between the soil and rock, so 0.25 is not always an accurate value.

Therefore, the relationship of Eq. 5.1 can be expressed more generally, as:

H=axf? (Eg. 5.2)

where the H is sediment thickness, and a and b are unknown regression coefficients.

This relationship between the frequency and the sediment thickness was first used by Ibs-
Von Seht and Wohlenberg (1999), as described in Chapter 2. This form of the equation
was used to fit a relationship to all 65 data points, as shown in Figure 5.2.

As shown in the Figure 5.1, a clear trend can be observed, where deep bedrock
has lower frequency values relative to shallow bedrock. The power function fit, which is
shown as a red line in Figure 5.2, has an a coefficient of 391 and exponent b of -1.379. In
addition, the residual values, which is the difference between measured data points and
the power function fit, were clearly a function of depth, as shown at the top of Figure 5.2.
Much larger residuals were observed in the low frequency range of 5 to 10 Hz, while
lesser residuals were observed at higher frequencies (i.e. above 10 Hz). The average error
in the frequency range of 5 to 10 Hz is 18 % and above 10 Hz is 21%. Therefore, two
90% prediction bounds were calculated to capture this variability in the fit with frequency
(and depth). The prediction bounds represent the expected range where the true bedrock
depth will fall for an individual measurement with a certain probability. For example, if a
HVSR measurement was performed with a measured peak frequency of 6 Hz, the
predicted bedrock depth is 33 ft, with a 90% probability the true value falls in the range
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of 24 ft and 42 ft. At higher frequencies and shallower depths, the 90% prediction bounds

showed a narrower range of about + 5 ft. For example, for a measured
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Figure 5. 2 The frequency versus depth to first bedrock encountered for 65 HVSR
measurements. The power function fit is indicated with red solid-line. The 90%
prediction bounds were labeled in black dash line.

peak frequency of 12 Hz, the predicted bedrock depth is 13 ft, with a 90% probability the

true value falls in the range of 8 ft to 18 ft (i.e. + 5 ft).

Another way to develop the relationship of frequency and depth to first bedrock
relationship is to use the depth to refusal instead of the depth to rock identified in the
borings. The depth to refusal is defined as the depth at which Standard Penetration Tests
cannot penetrate 6 inches in 50 blows, as recorded on the boring logs. Of the 65 measured
locations, 54 had a known refusal depth, as presented in Tables 3.1 to 3.9. The

relationship of HVSR frequency versus depth to refusal is presented in Figure 5.3.
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Figure 5. 3 The frequency versus depth to refusal for 54 HVSR measurements. The
power function fit is indicated with red solid-line. The 90% prediction bounds were
labeled in black dash line.

As shown in Figure 5.3, the power function fit has an a coefficient of 238 and an
exponent b of -0.99. The residual values again showed a strong dependance with depth.
The average error in the frequency range of 5 to 10 Hz is 21 % and above 10 Hz is 15%.
The 90% prediction bounds were calculated independently for the low frequency (i.e. 5-
10 Hz) and high frequency (above 10 Hz) regions. The relationship has 90% prediction

bounds of + 15 ft for the low frequency region and + 7 ft for the high frequency region.

These large prediction errors at low frequencies in Figure 5.2 and 5.3 were
unexpected and inconsistent with the errors published in other studies, as discussed in

Chapter 2. To investigate this relationship further, the 65 data points were separated into
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different categories based on subsurface conditions, namely: (1) soil over limestone and

(2) soil over shale over limestone, as presented in the following sections.

5.2.1 Depth to Bedrock Relationship - Soil over Limestone Profile

The relationship presented in this section was developed using only cases where
soil was directly over limestone, with no shale present. A total of 20 of 65 measurements
fit this category. The relationship developed using the power function fit is presented in

Figure 5.3.

As shown in the Figure 5.3, the fit to this subset of the data yields an a coefficient
of 339 and exponent b of -1.288. The 90% prediction bounds showed a narrower range
than in Figure 5.2, indicating a better depth to bedrock prediction for this subsurface
condition. For example, the 90% prediction bounds at frequencies below 10 Hz are + 7 ft,
where the 90% prediction bounds in Figure 5.2 are + 10 ft. In other words, if this
relationship was used to predict the bedrock depth with prior knowledge that no shale
was present, there is a 90% chance that the depth of prediction will be within + 7 ft for
HVSR measured frequency of 5 to 10 Hz and + 5 ft for above 10 Hz. The average error in

the frequency range of 5 to 10 Hz is 10 % and above 10 Hz is 16%.

Therefore, if one wants to estimate the depth to bedrock on the University of
Missouri campus, and the subsurface profile is known to be soil over limestone, this
HVSR technique will provide a useful estimate of the depth to rock. A practical
application of using the HVSR method to estimate depth to bedrock at a site near the
University of Missouri campus is provided later in this chapter. In addition, more

discussion regarding the depth to bedrock relationships will be provided in Chapter 6.
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Figure 5. 4 The frequency versus depth to limestone bedrock for 20 HVSR measurements
where no shale was present in the profile. The power function fit is indicated with the red
solid-line. The standard deviations of peak frequencies are indicated with error bars. The

90% prediction bounds are indicated by the black dashed line.

5.2.2 Depth to Bedrock Relationship - Soil/Shale Interface

The remaining 45 profiles included a soil/shale interface. In this section, the
relationship of soil over shale over limestone is examined using the depth of the soil/shale
interface. This relationship is presented in Figure 5.5, where the depth to the soil/shale
interface is plotted. The a coefficient is significantly higher with a value of 424 and the b
exponent has a value of -1.427. There is significant scatter about the fit as indicated by
the residual plots in Figure 5.5. The wide prediction bounds were influenced from the
large variations observed in the frequency range of 5 to 10 Hz specifically. The 90%
prediction bounds at frequencies below of 10 Hz are about + 10 ft while the bounds

above 10 Hz are about +5 ft.
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A comparison of the power function fits of the relationship of soil over limestone
and soil over shale interface is presented in Figure 5.6. As shown in Figure 5.6, the fits to
these two relationships are similar. However, greater scatter of the data was observed for
the case of the soil over shale. This would indicate that the Vs of the soil over shale is
more variable than the Vs of the soil over limestone. This would seem to be an unlikely
explanation as there is no reason that the soil should be more variable over the shale than
over the limestone. Another possible explanation for the low frequency variability is that
the impedance contrast between the soil and shale is not sufficient to generate a peak due
to this soil/shale interface. Therefore, it is possible that the HVSR peak from soil over
shale over limestone case was generated from the limestone interface. This explanation

is investigated in the next section.
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Figure 5. 5 The frequency versus depth to shale bedrock for 45 HVSR measurements.
The power function fit is indicated with red solid-line. The standard deviations of peak
frequencies are indicated with error bars. The 90% prediction bounds are labeled in black
dash line.
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Figure 5.6 Power function fits of soil over limestone (red solid line) and soil over shale
over limestone using depth to soil/shale interface (black dash line)

5.2.3 Depth to Limestone Relationship - Soil/Shale/Limestone Case

In this section, the frequency values are plotted versus the depth to limestone, as
shown in Figure 5.7. Of the 45 data points shown in the previous section, 7 of the borings
did not extend deep enough to identify limestone. Therefore, only 38 data points were
used to develop the relationship presented in this section.

The power fit shown in Figure 5.7 has a very high “a” coefficient of 471 and an
exponent ‘b’ of -1.334. The prediction bounds were the widest of all relationships
developed so far. For example, in the frequency of 5 to 10 Hz, the depth prediction
ranged from 12 to 52 ft with the 90% prediction bounds of + 15 ft. However, for
frequencies above 10 Hz, the prediction bounds showed a value of + 5 ft, which is similar

to the other relationships.
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The shale thickness in these cases varied significantly from 0.5 ft for BH1 at
Lee’s Hall BHI to 29 ft for BH21 at the NextGen site. The shale layer could have a large
effect on the depth estimation due to large variations in its thickness. Therefore, the effect
of the shale layer thickness was investigated by categorizing the data in Figure 5.7 based
on shale layer thickness.

The 38 data points from Figure 5.7 were categorized into three different groups of
shale thickness ranges: 0.5-5 ft, 5 to 10 ft, and greater than 10 ft of shale thickness. In
addition, the 20 data points from Figure 5.3 were plotted as the “control group” with no

shale layer (i.e. shale thickness is O ft.). All four power function fits are plotted in Figure

5.8.
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Figure 5. 7 The frequency versus depth to limestone bedrock for 38 HVSR
measurements. The power function fit is indicated with red solid-line. The standard
deviations of peak frequencies are indicated with error bars.
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Figure 5. 8 The frequency versus depth to limestone bedrock for 58 HVSR
measurements. The red solid line indicates the control group of no shale and three
different dash-lines indicated different groups of shale thickness ranges. The standard
deviations of peak frequencies are indicated with error bars for all measurements.

The curve fits presented in Figure 5.8 showed a trend of a shift to higher
frequencies for thicker shale layers. When the shale layer is only 0.5 ft to 5 ft thick (grey
dash-line), the fit is nearly the same as the soil over limestone relationship (red solid-
line). However, as the shale thickness increases, the relationships deviate from the
“control” group with the fit shifting to higher frequencies for thicker shale layers. This is
consistent with what would be expected if the peak is due to the limestone interface, as
the average shear velocity of the material above the limestone will increase due to the
higher velocity shale layer. The thicker the shale layer, the larger the expected shift. This

issue is discussed in greater detail in Chapter 6.
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The a and b coefficients of the power function equations for all four relationships
are presented in Table 5.2. More discussion regarding the a and b coefficient, with

comparisons to other studies is provided in in Chapter 6.

Table 5. 2 The a and b coefficient of power function equation for each group.

Group Name “a” coefficient of the | “b” coefficient of
Power Function the Power Function
Soil over limestone 339 -1.288
(O ft of shale) (Control)
Soil over shale over limestone 216 -1.081
(Shale thickness: 0.5-5 ft)
Soil over shale over limestone 291 -1.143
(Shale thickness: 5.5-10 ft)
Soil over shale over limestone 542 -1.302
(Shale thickness: beyond 10 ft)

Based on all the developed relationships, the relationship of soil over limestone
provided a reliable and useful depth to rock estimations. Although, the prediction bounds
are large, this relationship will still be of use in many practical situations. An example is
presented at the end of this chapter. However, when shale is present, specifically when
the thickness of the shale is 5 ft and greater, the predicted depth to rock relationship is
different and has much larger uncertainties, such that it may be of little to no practical
use. Therefore, it is important to identify if shale is present either from prior knowledge
of the site, or possibly from attributes of the HVSR plot. The next section investigates
whether other attributes of the HVSR plot may indicate the presence of a thick shale layer
(i.e. lower impedance bedrock).

5.3 Identifying Shale from HVSR Attributes
The work by Tuan (2009) described in Chapter 2 showed that the impedance

contrast between soil and rock affects attributes of the HVSR plot. Because the
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impedance contrast of soil/shale is lower than soil/limestone, it was hypothesized that it
may be possible to detect the presence of shale from attributes of the HVSR plot. The
attributes that were studied are: frequency ratio of the peak and trough, the standard
deviation of the frequency of peak and trough, the amplitude ratio of the peak and trough,
and the standard deviation of the amplitude of peak and trough. These attributes are
described and illustrated in Chapter 2, Figure 2.10 and 2.11. The plots of these

relationship are shown in Figures 5.9 to 5.11.

It was hypothesized that the soil/limestone and soil/thick shale data points would
be clustered into distinct regions such that by measuring these features of the HVSR plots
the presence or absence of a thick shale layer could be determined. However, as shown in
Figure 5.9 to 5.11, no clear separation between groups was observed and it was

concluded that subsurface conditions could not be inferred from the attribute plots.
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5.4 Example Application of the HVSR Method

HVSR measurements were performed at a site near the University of Missouri
campus as described in Chapter 3, where nearby borings showed no shale was present.
The objective was to estimate the depth of soil over rock for settlement predictions.
Although the limestone outcrops were visible, it was not known if rock was a few feet
below the surface or many tens of feet. In addition, it was not possible to mobilize a
drilling rig due to irregular terrain. Refraction tests was performed by another company to
estimate the depth to rock. A total of six HVSR measurements were performed as part of
this work over a period of a few hours, and the relationship of soil over limestone

developed in this study (Fig. 5.4) was used to predict the depth to rock. The depth to
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limestone estimates from the HVSR method are compared to the estimated rock depth
based on the velocities obtained from the refraction results, as shown in Figure 5.12. It
should be noted that the HVSR measurements were performed blind with no information
from the refraction results used in the analysis. As shown in Figure 5.12, the depth
estimation from the HVSR method agreed well with the refraction method, with
differences of only a few feet in most cases. All of the rock depth estimates from the

refraction tests fell within the 90% prediction range of the HVSR measurements.

Distance from Shoulder (ft)

0 100 200 300 400
\ I I I I

640 — —

620 —

600 -

Elevation (ft)

580 -

—— Ground surface ~ .
X Estimated depth to limestone (HVSR method) S~
= = Estimated depth to limestone (Refraction method)

Figure 5. 12 The ground surface elevation (red solid line), the estimated depth to
limestone using HVSR relationship for soil over limestone (red x marker), error bars
indicating 90% prediction range, and the estimated depth to limestone refraction
measurements (black dash line).
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5.5 Summary

This chapter presented the frequency and depth to bedrock relationships
developed from 65 HVSR data points. A regression using a power function fit was
performed and prediction bounds of the fitted curve were determined. The data points
were next categorized into separate plots based on the subsurface profiles and used to
investigate the factors influencing the prediction bounds. It was determined that the shale
layer has a large effect on scatter and uncertainty in the predicted depths. It was also
observed in all cases that the scatter and uncertainty increased at lower frequencies (i.e
larger depths). Other attributes of the HVSR plots were used to investigate if the
existence of a thick shale layer could be identified. Lastly, the result of a practical

application of the HVSR method was presented.

It was determined that a reliable relationship for the soil over limestone condition
could be developed, with 90% prediction bounds of + 7 ft over the frequency range of 5
to 10 Hz and + 5 ft at frequencies above 10 Hz, the average error between the fit and
measured data was 12%. A poor prediction was observed when thick shale was present in
the subsurface profile, with prediction bounds of as much as + 15 ft. The attempt to
identify shale from attributes of the HVSR plots was not successful. Finally, a practical
example of the successful application of the soil over limestone relationship was

presented.
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6. DISCUSSION
6.1 Introduction

The main objective of this thesis is to develop a relationship for the University of
Missouri campus to predict the depth to rock from HVSR frequency measurements. In
this chapter, the results presented from Chapter 5 are discussed and the findings are
compared to similar past studies. Moreover, the consistency and reliability of HVSR
measurements are discussed and evaluated based on limited repeat measurements
performed in this study. Finally, results from the application of the HVSR soil limestone

relationship presented in Chapter 5 are discussed.

6.2 Depth to Bedrock Relationships
As mentioned in Chapter 5, the relationship between the resonant frequency of the
site (f;-), the depth to bedrock (H), and shear wave velocity (V) for a two-layer system

can be expressed as:

H =025V, * f.~* (Eq. 5.1)

This equation can be rewritten into a more general term as:
H=axf? (Eq. 5.2)
where a and b are unknown regression coefficients.

In addition, the V; profile for soil can also be modeled with a power function relationship

that depends on the soil structure and composition (A) and effective stress (¢',):
V; =A4(")" (Eq. 2.1)

The exponent, m, can often be assumed to be about 0.25.
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If the effective stress in Eq. 2.1 is replaced with the product of unit weight and
depth, and the average shear wave velocity is calculated using the methods described in

Chapter 2, the following relationship can be derived:

H=axf 3 (Eq. 6.1)
This shows that the expected exponent should be around -1.33 for a soil with a velocity
profile that follows Equation 2.1. Stokoe et al. (2014) present A values for reference
profiles of stiff silt/clay and dense sand. Using these A values and the simple weighted
averaging of Equation 2.3, it can be shown that the a coefficient in Equation 6.1 will be
around 340 for clay and around 490 for dense sand, using units of ft/s for velocity. These
values are presented to illustrate the expected range of values for typical soil profiles. The

derivations of these relationships are presented in Appendix C.

When all data were plotted versus the depth to first bedrock encountered, as
shown in Figure 5.2, the power fit had parameters of 391 for a and -1.379 for b. These
values are consistent with the expected values derived above. However, very large
prediction bounds at the low frequency range of 5 to 10 Hz were calculated with slightly
narrower prediction bounds for frequencies above 10 Hz. The prediction errors at low
frequencies were large enough that the relationship would be of limited use for many
practical applications. The relationship developed using depth to refusal produced fitting
parameters that were not as consistent with theoretical expectations and showed much

more scatter (Fig. 5.3).

The data presented in Figure 5.2 were then divided into two categories based on

bedrock conditions. The relationship developed for soil over limestone (Figure 5.4)

77



produced a relationship with less scatter and a and b parameters (339 and -1.29
respectively) that were consistent with expected values. Although the prediction bounds
were still relatively large, this relationship could certainly be used for many practical
problems as a quick means to estimate the depth to bedrock, as shown for the practical
example presented in Chapter 5. The values of the power function fit are compared to the
values from other measurements in past studies in Table 6.1. The average percent error
between the measured data and the fit was around 12 %, which is consistent with other

studies.

Table 6. 1 Measured parameters “a" and “b” from this study and past studies

Fitting Parameters
a (ft) | a (meters) b
382 116 -1.367 | Depth to first rock encountered relationship

Relationship names & Reference

339 103 -1.288 | Depth to limestone relationship-soil/limestone

424 123 -1.404 | Depth to shale-soil/shale/limestone profile

471 144 -1.334 | Depth to limestone-soil/shale/limestone profile
- 96 -1.388 | Ibs-von Seht and Wohlenberg,1999

- 108 -1.551 | Parolai et al., 2002
- 137 -1.190 | Hinzen et al.,2004
- 56 -1.268 | Delgado et al.,2000

6.3 Influence of Shale on the HVSR Relationship

The presence of shale in the subsurface profile generally correlated with greater
scatter in the HVSR relationships, as shown by comparing Figure 5.4 to Figure 5.5 and
5.7. When the data are plotted versus the soil/shale interface (Figure 5.5), a reasonable
relationship is obtained, as shown in Table 6.1. However, large scatter was observed,
specifically in the low frequency region of 5 to 10 Hz, where errors were as large as 58%.

The greater scatter for the shale rock case as compared to the limestone case would
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indicate the shear velocity (V;) of soil above shale is more variable than the 1 of soil
above limestone, which is not a likely explanation. However, another explanation is that
the impedance contrast at the soil/shale interface is not large enough to produce a reliable
peak in the HVSR plot from the soil/shale interface. Instead, the measured peak is
possibly due to the soil/limestone interface. Thus, the data were re-plotted versus depth to

limestone, as shown in Figure 5.7.

Large scatter was also observed in Figure 5.7. However, in this case the scatter
could be explained by the effect of the shale on the average shear wave velocity (Vs 4y)
above the limestone due to shale layer, where the higher-velocity shale layer will shift the
Vs ave to values that are greater than expected for a typical soil profile. The higher V 4y
would tend to shift the curves to higher frequency, which was observed in Figure 5.8. It
is expected that this effect would be most pronounced for thicker shale layers, which is
what was observed in Figure 5.8 where the data were subdivided into shale thickness
classes. Therefore, the more likely explanation of the poor performance of the HVSR
results in soil/shale/limestone profiles is the large change in Vg 4 above the soil/rock
interface due to shale layer. This change in V, 4y can be observed in the fitting
parameters presented in Table 5.2, where the “A” values generally increase with the shale

thickness.

Due to the existence of two unknown variables: the Vs of shale and the thickness
of shale, it is not possible to develop a useful and reliable relationship for the soil over
shale over limestone condition. In addition, the HVSR technique does not measure either

of these two variables. Therefore, unless one has performed velocity measurements to
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calibrate the “A” parameter to produce a more reliable relationship, this relationship of

soil over shale over limestone cannot be effectively used without large prediction errors.

6.4 Variability of the HVSR Peak Frequency
In this section a few sources of additional uncertainty in the HVSR results are
discussed. These factors were investigated to a limited degree in this work, but not

incorporated into the relationships that were developed.

6.4.1 Directionality

As mentioned in Chapter 4, the HVSR technique measures one vertical channel
and two horizontal channels. The approach taken in this study was to use the common
method of taking the squared average of the two horizontal components to calculate the
HVSR plot. However, one could also just use the north-south component, or the east-west
component, or combine them to obtain any direction. Therefore, another way to present
the HVSR frequency data is using a directionality plot, which shows the frequency peak
as a function of wave direction. Directionality plots were generated for all 65
measurements and can be found in the Appendix D. Most directionality plots showed
consistent peak frequency values with direction, as illustrated in Figure 6.1a. However,
for a few measured locations, the deviations were as much as 40%. An example is shown
in Figure 6.1b where the highest peak at an azimuth of 90 degrees is about 5.5 Hz, but at
20 degrees the highest peak is near 8 Hz. Therefore, this is a source of uncertainty that
was not quantified in this study and should be included in future studies. However, this
factor is expected to have a minor influence on the relationships because it was only

observed at a few sites.
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Figure 6. 1 Directionality plot for Lee’s Hall BH 15 (left) and Journalism BH 6 (right),
color indicated the amplitude of H/V ratio from different directions. 90 degrees are in the
North direction, the O degree is in the East direction.

6.4.2 Repeat Measurement

In addition to investigating the consistency of HVSR peak frequency values for a
single measurement from different directions, the HVSR measurements were repeated at
a few sites to observe the variability in the peak frequency value for different dates and
times of days. As can be seen Figure 6.2, some sites showed variations in the peak
frequencies of as much as 18%. One explanation for this variability may have to do with
different dominant propagation directions at different times of days (i.e. the dominant
ambient noise source changes) producing different peaks due to the directionality effect
presented above. It is also possible that the noise from a nearby building may dominate
and affect the results at certain times of days. This variability was greater than expected

and should be further investigated and quantified in future work.
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difference in peak frequency from repeated measurements (black circle)
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6.5 Application of the HVSR Method

Based on the findings from this study, a useful relationship was developed for
cases where the profile is known to consist of soil over limestone. The results presented
from a project in Central Missouri where that was the case showed errors in bedrock
estimates were in the range of + 0.5 ft to + 3.2 ft. and demonstrated the applicability of
this simple method when more robust methods are either too expensive or too difficult to

deploy.

When shale is present, the uncertainties in the relationships were too large to be of
practical use. Therefore, it would be helpful if the presence of shale could be identified
from the HVSR data so it would be known that the relationship for that point is
unreliable. In Chapter 5, several attributes of HVSR plots were identified and
investigated as a means to detect the presence of shale. The study was conducted based
on observations presented in Tuan (2009) for simple two-layer models (Figures 2.9 and
2.10). Unfortunately, the results from the study herein did not show any attributes of the
HVSR plot for the soil/shale/limestone cases that differed consistently from the
soil/limestone case. It is unclear why no trends were observed, but other unknown site

factors likely dominated the expected effect.

In summary, the depth to bedrock can be found with great accuracy from various
methods such as drilling and seismic refraction. However, the advantage of the HVSR
method is that it is a single-station, economical, portable, non-intrusive and easily
deployed technique that does not require an active source. It only takes approximately 15
minutes to collect a measurement and it does not require expertise to analyze the data or

interpret the results. Although the relationship developed for soil over limestone provided
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a useful depth estimate from the findings of this study, the HVSR method is a crude tool
that should not be used blindly. Because the existence of a shale layer in the profile
cannot be detected by the HVSR measurements, this method cannot be applied broadly in
Central Missouri unless the site is known to consist of soil over limestone. The
measurement predictions could certainly be improved by performing surface wave
measurements to obtain the Vs velocity profile. The combined use of surface waves and
HVSR is now often done but suffers from the same drawbacks of extensive equipment
deployment and expertise to perform the measurements. The study herein specifically

focused on the use of the HVSR method alone as a site investigation method.

6.6 Summary

Discussions of the relationships developed between HVSR frequency and depth to
bedrock were presented in this chapter. The relationships were separated into different
plots based on the bedrock conditions to investigate the large scatter observed in the
relationships. The relationship of soil over limestone produced a reliable depth to rock
estimation while the other relationships developed for profiles containing a shale layer
did not. The degree of scatter is likely influenced by the thickness and shear wave
velocity of the shale, values that are not known without other supplemental
measurements. The consistency and reliability of the HVSR peak frequency was also
discussed in this chapter. In addition, a discussion on the practical application of the
HVSR method in Central Missouri was presented. The results from this application
showed that the HVSR method can be used to reliably estimate the depth to rock when

shale is not present. However, the HVSR method should not be used blindly when the
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bedrock conditions are not known as a large error in the depth to rock prediction is

possible.
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7. CONCLUSION
7.1 Summary

Depth to bedrock determination is an important parameter in geotechnical site
investigation. Numerous methods such as drilling, resistivity and seismic refraction can
be used to determine the depth to bedrock. However, these methods can be expensive,
labor intensive, time-consuming, and require expertise to perform. A more recent, simple
geophysical method to determine the depth to rock is the Horizontal-to-Vertical Spectral
Ratio (HVSR) method, which is a single-station method that requires only passive
ambient noise, can be easily deployed by a single person quickly, and requires only

minutes to collect data.

The central objective of this study was to use the HVSR method to develop a
relationship for the depth to rock around the University of Missouri campus from the
frequency measured from HVSR. Importantly, this approach can be performed without
an independent shear wave velocity measurement. A total of 65 HVSR measurements
were performed around the campus, where ground-truth data on bedrock depth were
available from borings log. The ambient noise records were processed, analyzed, and
interpreted using the open source Geopsy software. The relationship of depth to bedrock
and frequency was developed using a power function fit for all data and the subsets of

data that were developed based on the bedrock conditions.

Large 90% confidence bounds (+ 10 ft) in depth estimates were observed when all
the data were considered. However, when the data were separated into subsets based on
the geology, the relationship of soil over limestone provided a useful estimate of the

bedrock depth, where the 90% confidence bounds were + 6 to 7 ft. The average error in
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measured versus predicted values was 12%, with a range of 0.5 to 7.7 ft. This error is
consistent with the errors reported from work of Delgado (2000), which is 15%. In
addition, the values of the power function fit of this relationship agreed with

measurements from past studies and expected values from theoretical considerations.

However, when shale was present in the subsurface profile, the relationship of
depth to limestone showed very large confidence bounds (+ 15 ft), which limit the
usefulness for rock depth prediction applications. This poor performance in
soil/shale/limestone profiles is likely due to the large change in the average shear wave
velocity (Vs 41¢) above the soil/limestone interface due to the shale layer. Other attributes
of HVSR measurements were investigated as a means to detect the presence of shale, and
therefore identify measurements that were not reliable. However, these relationships did
not provide enough evidence to support their use as a means of identifying shale in the

subsurface.

The HVSR method was also performed at a major ongoing construction project
near the University of Missouri. The results from this application showed that the HVSR
method can be used to reliably estimate the depth to limestone when it is known
beforehand that shale is not present. The HVSR results were in very good agreement
with refraction measurements performed by another contractor, the average errors of

depth prediction were within 12%.

7.2 Conclusions
Based on the results of this study, it was concluded that the HVSR method can be
used to reliably estimate the depth to limestone around the University of Missouri

campus when the subsurface profile is soil over limestone. The 90% confidence bounds
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were around 6 to 7 ft over a bedrock depth range of 10 to 50 ft. The average error in
bedrock depth prediction was 12% for the 20 data points. However, when the subsurface
profile included a shale layer the scatter was large with errors of as much as 58%. The
large uncertainty is likely due to the variable thickness and higher shear wave velocity of
the shale than soil, which will tend to shift the data points to higher frequencies for
thicker shale layers. Neither the thickness nor shale velocity can be measured from
HVSR alone. Also, the results showed the presence of shale was not indicated by other
attributes of the HVSR plot. Therefore, it was concluded that the HVSR method can only
be used reliably to estimate the depth to limestone when supplemental information (i.e.
nearby borings) indicates that shale is not present or very thin. Bedrock depths predicted
from HVSR measurements at a nearby construction site presented in this thesis support

these conclusions.

7.3 Recommendations

It is recommended that the relationship of depth to limestone versus frequency
developed in this study can be used on future site investigations for construction projects
at the University of Missouri when the subsurface profile is known to not include shale
layers. This may be beneficial, for example, when the contractor needs to relocate
foundation locations to sites without boring information. In addition, the HVSR method
could be performed prior to drilling operations to examine the variability of bedrock
depth around the site and develop a more efficient and economical plan for the number

and location of borings.

Based on the conclusions presented in this thesis, one recommendation for future

work is to perform more HVSR measurements around Central Missouri to refine and
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improve the relationships and investigate and characterize the errors in depth to rock
prediction when considering other factors. Also, there is a need to develop simple
procedures to measure and incorporate shear wave velocity measurements to improve the
accuracy of the predictions. In addition, more work should focus on the repeatability of
the measurements and the impact of temporal and directional factors on measurement

variability.
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APPENDIX A-1
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Figure 1: Gateway Residents Hall boring plan (Aerial View), prepared by Terracon

Consulting Engineers & Scientists
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BORING LOG

SHEET 1 OF 3

PROJECT NAME ELLIS LIBRARY - MU PROJECT No. __13C070
DATE 7-12-83
B-1 PROJECY LOCATION _Lolymbia, MO RIG CME-55
woGeed ey ___C. Franks oRILLED BY ___R, Herber ~~ WATER ENTERSEL. 740 ATD
SURFACE ELEVATION __764 ELEVATION DATUM USt_ & GS
DEPTH SAMPLE SPECIAL NOTES ANO
TYPE ) REC JRESIST DESCRIETION e FIELD OBSERVATIONS
a Very stiff to hard, brown, highly plastic | CH |Boring advanced with
Silty CLAY with organics, blocky texture 4 diameter CFA -
¢ % P 1 we2eL
Hard yellowish-tan with gray, low plastic| CL 7
PP> 9.0 ksf
] Silty CLAY with small nodules o i A8 ks o
limonite :
-~ > -
= 1z = WC2> PL
5 12 — PP = 4.5 ksf  —
Stiff to very stiff, gray with rust, low
- plastic Sandy CLAY with rock fragments = =
-t -
¢ % P
10 > Very stiff to hard, reddish-brown mott- " | WC> PL ™
led with brown and gray, medium plastic
1 Sandy CLAY with rock fragments, zones . PP = 6.0 ksf ]
of black staining with small pockets of _| w/ _
= gray, fine grained, Clayey SAND sC
h WC> PL =
g | 15| #
12 —f
15 - PP>9.0 ksf
h Becoming mixed with hard, gray, fine 1w 7
grained poorly graded SAND-with clay | sp |
N silt and rock fragments
: Very stiff, reddish-tan with gray, - CH -1
c [1z] ¢ highly plastic CLAY with lenses of w/ | we>rL
20 12 fine grained sand —4 SpP -
PP>95.0 ksf
Dense, yellow-ochre, poorly graded, fine | SM )
7 grained, Silty SAND with pockets of w/
very stiff, reddish-brown, highly plas- _| CH Water detected—|
C L7y P tic CLAY ¢ ATD
25

WOOOWARD-CLYDE CONSULTANTS

Figure 2: Ellis Library Borehole 1
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PROJECT NAME

BORING LOG

SHEET _2__OF 3 —

ELLIS LIBRARY - MU

PROJECT NO. !1§QZQ
DATE 7-12-83

8-1 PROJECT LOCATION _Columbia, MO RIG CHE-55
LOGGED 8Y __C._Franks ORILLED 8Y___R._Herber  WATER ENTERs £1. 740 ATD
SURFACE ELEVATION __Zh4 ELEVATION DATUM {sSC & GS
DEPTH SAMI SPECIAL NOTES AND
55 JTYPE [ REC TResST pESERIPTION US-C| FIELD ossERvATIONS
5 SAME: Dense, reddish brown to yellow— M
. . ochre and gray, poorly graded, fine - W/ -
grained Silty SAND with pockets of very CH
= - stiff, highly plastic CLAY - -
ot o
c |é/8 P
30— - — —_—
= - - -—
16 |7 N B
s 18
35— 18 21— oy e
— p— e -
— Boring continued = =
g 18 8‘ with NX double tube
40— i ZO — —r core barre! with —
diamond bit and
-1 RQD - — water —
- Nx | LIMESTONE/CHERT: Gray, maroon, cream | LS| NX RUN #1 N
RUN and dark gray, moderately weathered, to W/l Start: ’”‘5:
aqh | unweathered with zones of severely .| CH} Stop: 45.5 -
s 10 weathered material; micro-crystalline to Run: k.o
3 L8 1 48 |  finely crystalline; thin-bedded, jointed, — Rec: 2.9' =
very fractured, fossiliferous with very Lost: (R
45— L stiff, cream, highly plastic CLAY seams —o -
73% | 0%
1 NX - - NX RUN #2 —
RUN Start: 45.5!"
-4 72 —  Becoming less fractured, very fossilif- = Stop: 51.5 =t
f’_(l 32 erous zone; possibly sedimentary breccia Run: 6.0
- 72 72 |- - Rec: 5.0 ~
Lost: 1.0
8 4
50 3% | Lhg

WOOOWARD-CLYDE COMSULTARTS

Figure 3: Ellis Library Borehole 1 (Continue)
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PROJECT NAME

BORING LOG

ELLIS LIBRARY - MU

SURFACE ELEVATION __764

LoGeep By _ C. Franks

PROJECT LocaTIoN _Columbia, MO

SHEET i _oF 3
PROJECT No. __13€070
DATE 71-12-83
RIG CME-S5

ELEVATION DATUM UsC & GS

DRILLED BY____R. Herber

WATER ENTERSE!. 750 ATp

DEPTH

SAMPLE _ RE

SPECIAL NOTES AND

WOOOWARD-CLYDE CONSHETANTS

Figure 4: Ellis Library Borehole 1 (Continue)
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TYPE | REC_JRESIST DESCRIFTIOH USC! Fiero oBSERVATIONS
50 NX RUN #2 LIMESTONE: Gray with green and some pink, | LS | NX RUN #2
4 (togt.) lightly weathered to unweathered, micro- = {Cont.) -
— crystalline; with thin clay partings and NX RUN
- p’(‘éu dnzjonz | crush zones, occasional chert layers; = stggt:IB 51.5'
33% | 0% pockets of clay and stylolites Stop: 52.5'
<4 NX - Run: I.O: -
RUN Rec: 9.3,
H#s | 53] 33 E NX RUN 74 7]
| 60 | 60 ] Start: 52.5 i)
55 Stop:  57.5¢
i - Run: 5.0" -
Rec: 4.4
- L}
. 89z s5% 4 Lagts it
= - Bottom of boring
57.5° .
60 — . — _—
. — =
65 — ] ]
— - - —]
70— — — 7
- = - =
75

FIRHIRF NO 6
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PROJECT NAME

BORING LOG

ELLIS LIBRARY - MU

SHEET __1___OF 3

B-2

DATE 1-13-83

PROJECT NO. __130070

PROJECT LOCATION _Columbia, MQ RIG CHE-RS
woceeD BY _C, Franks __ ORILLED BY WATER ENTERSEL. 732 ATD
SURFACE ELEVATION __765 ELEVATION DpaTum__ USC & GS
DEPTH SAMPLE SPECIAL NOTES AND
o JIPE [ REC [REssT DESCRIETION USC Fiewo ossERvaTiONs
LT F |Boring ad d with
] CRUSHED ROCK FILL t |5 diamceer cox o]
Stiff, dark brown, low plastic, Silty L
A | Clay FILL with some rock fragments 4 L ]
R L Very stiff, reddish-brown, low plastic, St | wc>PL =)
Silty CLAY
c 12 P Becoming gray with reddish-brown, with ™ WC>PL &
12 ; trace of fine sand and smail nodules of | ,
5 limonite PP = 4.5 ksf |
E Very stiff, mottled gray with rust, high- | CH ]
= . ly plastic CLAY with fine sand and small _
rock fragments
U 29 P Becoming yellow-ochre and gray with
10 12 black zones — —
24 WC> PL
v |5 e
12 | _
PP = 5.5 ksf
c 1‘%. P Very stiff to hard, light ‘olive-gray, HERPL
15 highly plastic CLAY with thin partings—1 PP28 5 ksf —
limonite, trace of fine sand and rock "
- B fragments -1 -
7 B Becomes mixed and mottled reddish-brown 7
and gray-olive with black increasing | We S PL .
C _}% P oumber of and size of rock fragments G
20 - PP>9.0 ksf ]
7 B 8ecoming reddish-brown mottled with
_ L gray - —
— > -
c % P \.‘C)PL
25 PP>9,.Q ksf

WOODWARD-CLYDE CONSULTANTS

Figure 5: Ellis Library Borehole 2
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BORING LOG

SHEET 2 OF 3
PROJECT NAME ELLIS LIBRARY - MU PROJECT NO._13C070
0ATE 7-14-83
B-2 PROJECT LocaTion _Columbia, MO RIG CME-SS
L06GeD BY _C, Franks  oRitep sy___R, Herber =~ WATER ENTERs El. 732 ATD
SURFACE ELEvaTion __165 ELEVATION DATUM__USC & GS
OEPTH SAMPLE SPECIAL NOTES AND
b5 {TPPE [ ReC [REser DESCRIPTION USC| FiELD oBSERVATIONS
SAME: Very stiff to hard, reddish-brown, | CH
A mottied with gray and yellow-ochre, 4 W =
highly plastic Sandy CLAY with dense, SH
. gray, fine grained poorly graded Silty - ad
SARD and occasional large gravel
wC> PL
c | 21 » 7 7
12 - = - -
30 Dense, orange and gray, fine to medium SP PP = 7.0-8.0 wsf
i grained, pooriy graded SAND with silt g W .
and pockets of highly plastic CLAY CH
. - Water detected _|
T
< :8 l?
35— 3 , . - -]
Hard, orange, highly plastic CLAY with CH
) sand and rock fragments with layers of _{ W/ -
dense, orange, medium to finely grained sP
- poorly graded SAND with silt — -
18 7 we<PL 7
- S || Boring continued __|
. 28 Hard, white-cream, highly plastic Silty | CH | with NX double tube
. CLAY core barrel with _|
LIMESTONE W/CHERT: Medium gray, very Ls | diamond bit and
RQO fractured; weathered to unweathered, w/ | water
NX micro-crystalline to finely crystalline, [HERT NX RUN # .
RUN . with fossils, pyrite, siliceous zones a Start “2-0' -
71 {51 10 with layers of dark gray to black CHERT Stop:  51.5
_ 14 Tigd " Run: 9.5" <
Rec: 4.25°
45— - — Lost: 5.25' —
- - — ~
T B Becoming fine to medium crystalline —' R
- L =] -
4
50 5% 9%

WOODWARD-CLYDE CONSULTANTS

Figure 5: Ellis Library Borehole 2 (Continue)
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PROJECT NAME

BORING LOG

ELLIS LIBRARY ~- MU

B-2

PROVECT LOCATION _Columbia, MO

Loceed oy _C._Franks ___ DRILLED 8Y R..Herber

sHeeT 3 oF___3
PROJECT NO. __13C070

DATE 7-14-83

RIG CHE=-55

WATER ENTERS_El. 732 ATD

SURFACE ELEVATION __765 ELEVATION OATUM __lISC & GS
DEPTH) SAM! SPECIAL NOTES AND
o TYPE | REC [RESST DESCRIRTION USC| FieLo OBSERVATIONS
NX gu# 71 Kcont] SAME: LIMESTONE/CHERT: Medium gray, LS 1nx RUN #1 (Cont)
- | unweathered, fine to medium crystalline, W/ -
fossiliferous, with siliceous zones, with CHER
~NX |- dark gray to black, brittle CHERT NX RUN #2 -
RUN 48 19 Start: 51.5*
2 (0] %0 Stop: 56.5" —
Run: 5.0'
- ~ Rec: 4.0* ~
Lost: 1.0¢
55— — —
- 80% | 323 -
Anx = NX RUN #3 -
RUN |53 35 Start: 26.5'
- - Stop: 1.5 -
K & &0 Run: 5.0'
. = Rec: 4.4 i
lost: 0.6'
60— — —
. 583 583 [ B
- = Bottom of boring —
61.5*
65— == -
70 — — —
75
FIGLIRF NO ¢

WOOQUWARD-CLYDE CONSULTANTS

Figure 6: Ellis Library Borehole 2 (Continue)
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BORING LOG

SMEET __1 ___oF__ 2
PROJECT NAME ELLIS LIBRARY - MU PROJECT NoO. __13C070
pate ___7-15-83
8-3 PROJECT LOCATION, Columbia, MO ' RIG CHE-55
LoGGED B8y __C. Franks ORILLED BY R. Herber WATER ENTERS _E1, 743 ATD
SURFACE ELEVATION __761 ELEVATION DATUM___USC & GS
PTH! SAMPLE SPECIAL NOTES AND
= YYPE | REC JRESIST OEsChIPTIoN bsc FIELD OBSERVATIONS
o - -lﬂ—d
ASPHALT FILL Boring advanced with
. CRUSHED ROCK FILL '5" diameter CFA
Stiff to very stiff, olive-tan, low cL
o = plastic Silty CLAY - WC>PL =
Becoming gray with dark reddish-brown, _] WC D> PL _
v 12 P with heavy iron staining
5 17 i PP = 4.0 ksf
— -
Very stiff to hard, gray and reddish- CH
brown, highly plastic CLAY with sand - -
c 12 P and rock fragments and black staining WC > PL
12
10 - — nd
PP 6.0 ksf
- = = -
- — — —
Becoming hard and fissured - WwC > PL -
§ (] ¢ >
15 — PP29.0 ksf —
c % 3 we > PL
20 - PP29.0 ksf
i - - -
- - - -
- - - —
Becomes very sandy
- 4— Water detected—
c |12 ] e ATD
25 12
WOODWARD-CLYDE CONSULTANTS FIGURE NO.__ 10 -

Figure 7: Ellis Library Borehole 3
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BORING LOG

SHEET 2. _OF_ 2 .
PROJECT NAME ELLIS LIBRARY - MU PROJECT No.__13C070
DATE 7-15-83
B-3 PROJECT LOCATION _Columbia, MO RIG CHE-33 =
Loceep 8Y __C. Franks _ ORILLED 8Y___ R, Herbar WATER ENTERs El. 743 ATO
SURFACE ELEVATION ___26] ELEVATION DATUM__USC & GS
DEPTH! SAMPLE SPECIAL NOTES AND -
25 _|TYPE [ REC TRESST OESCRIPTION US-C| FiELD OBSERVATIONS
SAME: Very stiff to hard, gray and red- CH
. . dish brown, highly plastic CLAY very - v o
sandy with rock fragments and black
o . staining - d
| Dense, orange and gray, fine to medium _| SC 47
5 grained, poorly graded Clayey SAND to |
hard, orange, highly plastic, Sandy CLAY _| CH ot
= 18 ,e with occasional gravel -
30— 1 %‘ — — ]
. ™ Becoming mixed gray, reddish brown and | 7]
cream .
10 B
17 8 -
— s 7. - we< L —
35 17 150751 Hard, cream, highly plastic Silty CLAY cH
_ | LIMESTONE W/CHERT: Gray & cream white, dLs
fractured W/ | Bottom of boring
- = ~JCHERT 37.0' P
4o — — —_ i
- - — -
45 — = - I
S0 -
WOOOWARD-CLYDE COMSHLIARTS FHAIRE NN 1

Figure 8: Ellis Library Borehole 3 (Continue)
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PROJECT NAME

BORING LOG

ELLIS LIBRARY - MU

sMeeT __1__oF__2
PROJECT No. __13C070

B-4

SURFACE ELEVATION __765%

PROJECT LOCATION __Columbia, MO

DATE 7-15-83

Ri

ELEVATION DATUM_USC & GS

LocGeDp oy __C. Frapks _orwtep sy___ R, Herber W,

G CHE-55
ATER ENTERS £1. 737 ATD

DEPTH SAMPL SPECIAL NOTES AND
TYPE | REC RESIST DESCRIPTION ks FIELDO OBSERVATIONS
0 Stiff to very stiff, reddish~tan, low CL ] Boring advanced with
R 5 plastic Silty CLAY 4 diameter CFA -
. " we <pL =
b B Becoming mixed with gray with blocky n
texture and limenite >
i3 . - - WC=PL -
C =S P Very stiff, light gray with light brown, | CH ppSs
3 12 highly plastic CLAY with silt and iron — 9.0 ksf —
5 stains
-1 o 3
Becoming hard and fissured, with "1 we2eL —
v |32 P some fine sand and rock fragments
16 12 _ PP>9.0 ksf 1
-y o i
_ N Hard, gray and reddish-brown, highly -
plastic CLAY with siit and sand, occa-
sional rock fragments, limonite and - > )
c 121 p black stains we= PL
12 — PP> 9.0 ksf -
15
C || P -
] | Very dense, yellow-ochre, fine grained,__| SM d
20 poorly graded Silty SAND Poorly cemented
- - - W/ =
Becomes medium grained, mixed with SILT CH
and CLAY stratification & —
8 |9 ML
S T8 |13
25—} 28

WOODWARD-CLYDE CONSULTANTS

Figure 9: Ellis Library Borehole 4

102

FIGIIRF NO 12



BORING LOG

SMEET __ 2 oF__ 2 _
PROJECT NAME ELLIS L1BRARY - MU PROJECT NO. 13C070
DaTE 7-15-83
B-4 PROJECT LocaTion Columbia. MO RiG CHE-S5 -
weGeD BY L. Franks ORILLED BY___R, Herber WATER ENTERS E1. 737 ATD
SURFACE ELEVATION __765 ELEVATION DATUM _” USC £ GS
DEPTH SAM! SPECIAL NQTES AND B
35 -] TYPE [ REC TRESST sy (OCSCRIPTION . @ US| pieLn ceservaTIONS
- SAME: Very dense, yellow-ochre, medium SM
. . grained, poorly graded, Silty SAND stra- 4 w/ -
tified with SILT and CLAY CH
o - & Moist =
[ M -
= - - &— Water detected —
ATD
-4 -
s 1819 Becoming medium dense and stratified -
30— 1 LRI S ] —
18
- - - =
Becoming very dense = ]
8 ’—3 "% ; -
35— 18] 22 = = =
- - = -
- T - -
12 | 53 = —_
LO LIMESTONE/CHERT: Gray, fractured, LS
thin bedded
- 3 - W =
CHERT =
<] = _
Bottom of boring
- - - 42.0¢ -
- L & -
45 — fc — o
il - — -
50 —
WOOOWARD-CLYDE COMSULFANTS EMINRE N 13

Figure 10: Ellis Library Borehole 4 (Continue)
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Figure 1: Gateway Residents Hall boring plan (Aerial View), prepared by Terracon Consulting



THIS BORING LOG IS NOT VALID IF SEPARATED FROM ORIGINAL REPORT. TERRACON SMART LOG-NO WELL 09125165.GPJ ODOT TEST.GPJ 11/12/12

BORING LOG NO. B-1

Page 1 of 1

PROJECT: Virginia Avenue South
Housing

SITE: Virginia Avenue

Columbia, Missouri

CLIENT: University of Missouri
Columbia, Missouri

LOCATION  See Exhibit A-3

GRAPHIC LOG

DEPTH

Approximate Surface Elev: 750 (Ft.) +/-

DEPTH (Ft)
WATER LEVEL
OBSERVATIONS
RECOVERY (In)
FIELD TEST

RESULTS

SAMPLE
NUMBER
SWELL (%)

UNCONFINED
COMPRESSIVE
STRENGTH (psf)

WATER
CONTENT (%)

ATTERBERG
LIMITS

LL-PL-PI

DRY UNIT
WEIGHT (pcf)

ELEVATION (Ft )
+]

30 brown and black, hard

OPSOIL,
EFAT CLAY (CH), trace sand, brown, with reddish

TAT+-

9000 (HP) 1

12

EAT CLAY (CH), with sand, gray, with brown,
stiff to very stiff (Glacial Drift)

— trace gravel

6000 (HP)

1.8

17

47-13-34

. e

3500 (HP)

3850

113

24

8000 (HP)

20

732+

CLAYEY SAND (SC), brown, medium dense
(Gladial Drift)

19

727+

brown, hard (Glacial Drift)

EAT CLAY (CH), with sand, gravel, and cobbles,

726+/-)

LIMESTONE white, slightly weathered, hard

724+

50/5"
N=50/5"

17

Auger Refusal at 26.3 Feet

Stratlﬁcanon lines are approxlmate In-¢ snu the (ransltlon may be

tr raphic anal is may reveal other rock t;

Advancement Method:
Solid-stem augers

Abandonment Method:
Backfilled with soil cuttings after obtaining 24-hour
groundwater readings.

gradual.

from disturbed samples. Core samples and
s and stratigraphic classifications.

Hammer Type: Automatic SP

Hammer

See Exhibit A-15 for description of field procedures

See Appendix B for description of laboratory
procedures and additional data, (if any).

See Appendix C for explanation of symbols and
abbreviations.

Elevations were interpolated from a topographic site
plan.

Notes:

WATER LEVEL OBSERVATIONS

N/ 22 feet while sampling

N 19feet at completion of drilling

W 15feet at 24 hours after completion of drilling

1lerracon

3601 Mojave Court, Suite A
Columbia, Missouri

Boring Started: 10/29/2012

Boring Completed: 10/29/2012

Drill Rig: CME-75

Driller: JBW

Project No.: 09125165

Bxhibit:

A4

Figure 2: Gateway Residents Hall Borehole 1
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BORING LOG NO. B-2 gt
PROJECT: Virginia Avenue South CLIENT: University of Missouri
Housing Columbia, Missouri
SITE: Virginia Avenue
Columbia, Missouri
—
© |LOCATION Ses Extibit A3 Lolw| 2 awg| = RTIESSERS
S = [E5[&( = e < |B28&| &|.%
) £ |z8lx 7 we O 7 e E8
Q = |8k & ES za S |EGE|uE | Be
z E ey w on Ss I |Z¥e| kD z
o o |ui 3 b ] U |0E=z|LE | z0
< ) [l T I oy 52 = |ozT|3z|Ea LL-PL-PI
% Approximate Surface Elev. 750 () +- | & | % F é e 53 E 2 =
DEPTH ELEVATION (Ft)
103 ATOPSOIL, 4" + ]
AGGREGATE BASE COURSE (GW), 8" base =l 15 2000 (HP) 1 14
30 \rock fill 4T+ 1
UNCONTROLLED FILL, with sand and gravel, =] 18 4000 (HP) 2 1540 | 22 | 102
rk gray 5
EAT CLAY (CH), with sand, trace gravel, gray, =
with tan and brown, stiff to very stiff (Glacial Drift) —
;ﬁndy, with gravel, reddish brown, with tan and _ . 24 6000 (HP) 3 27
10
= with sand, gray . . 22| 6000 (HP) 4 7890 | 17 | 115
~ 15
S =
- . .
& = WH DAY - 18 46-10 5 16
o 20 N=16
B - 6000 (HP)
5 -
Q
s} 235 7265+ 1z
SHALE, gray, severely weathered, medium hard - 18 20-27-50 6 9
25— N=77
ol 9000 (HP)
- 5 50/5" il 7
30 N=50/5"
3 328 717+ ]
= LIMESTONE, white and gray, with chert and &l
‘é‘ shale, highly fractured, moderately weathered, T
z ard 35 43| RQD=0% R1
g
g -
G Thos 05| 83| RAD=0% | R2
- LIMESTONE, gray, slightly weathered, hard 40—
'g = 7 RQD = 10% R3
] —ri) 707+ 7
= Boring Terminated at 42.8 Feet
E
Q
['4
[}
=
S
E
2
5 Stratification lines are approximate. In-situ, the transition may be gradual. Hammer Type: Automatic SPT Hammer
< Cl and { i timated from visual of samples.
[ Petrographic and fossil analysis may reveal other rock s and stratigraphic classifications.
2 Mgﬁg:’:txethgd: See Exhibit A-15 for description of field procedures | Notes:
[=] ca . i Note 1: A meaningful groundwater reading was not able to be
z See Appendix B for description of laboratory obtained at completion of drilling due to the introduction
2 procedures and additional data, (if any). of drilling fluid to facilitate rock coring at a depth of
© | Abandonment Method: See Appendix C for explanation of symbols and approximatley 32.8 feet.
o | Backiilled with soil cuttings after obtaining 24-hour abbrewviations.
o| 9grundwater readings. Elevations were interpolated from a topographic site
8 plan.
2 WATER LEVEL OBSERVATIONS Boring Started: 10/3172012 Boring Completed: 10/31/2012
2|52 24feet while sampling e rr a co n
o] See Note 1 . Drill Rig: CME-75 Driller: JBW
2] 3601 Mojave Court, Suite A
E 13 feet at 24 hours after completion of drilling Columbia, Missouri Project No.: 09125165 Exhibit: A5

Figure 3: Gateway Residents Hall Borehole 2
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BORING LOG NO. B-6

Page 1 of 1
PROJECT: Virginia Avenue South CLIENT: University of Missouri
Housing Columbia, Missouri
SITE: Virginia Avenue
Columbia, Missouri
@ [LOCATION  see Exbit A3 _aglwl = . _leus| 2| < A s
o £ |3 o = oo we g |252( S| E.
g = 8% & E3 zo S |EQE|EE |32
£ £ S|Ylw > o |z¥O|EG | 2%
£ Eolezla | Y =% == d |3x2|5E|%
% o |uElZT |3 ] =2 = (32F|2E|&8| werm
5 Approximate Surface Elev: 7605 (F) - | & <2 2|8 frofad = & |z 3 2|75 |° g
(8]
DEPTH ELEVATION (Ft) el | = -
02 NASPHALT CONCRETE, 2" 4 il
oz \ZGGREGATE BASE COURSE, 6" ; %IZ B 13| 6000 (HP) 1 26 | 99
0 UNCONTROLLED FILL, fat clay, dark gray and 25 .
olive / = 10 5000 (HP) 2 24 | 103
FAT CLAY (CH), trace sand, brown and gray, 5
medium stiff to very stiff (Glacial Drift) —
—lrace gravel - . 16 | 7000 (HP) 3 16 | 115
10—
— with sandy zones = 14 4-6-11 4 18
15+ N=17
= 8000 (HP)
20: 18 %;_3:3 5 21
=N 2500 (HP)
737+ 1z
CLAYEY SAND (SC), fine grained, light gray -1 15 7-10-16 6 24
and tan, medium dense (Glacial Drift) 25— N=26
. 7000 (HP)
— fine to medium grained — 6-10-14
304 18 N=24 7 15
7284/ —
LIMESTONE, white and light gray, with chert, =
moderately weathered, hard -1 73 RQD = 0% R1
353 725+ 35—
LIMESTONE, gray, trace chert, slightly |
weathered, hard -
- 45 RQD = 7% R2
40
425 7184/ -
Boring Terminated at 42.5 Feet
Stratification ines are approximate. In-situ, the transition may be gradual- Hammer Type. Automatic SPT Hammer
Classifications and { i ies estimated from visual obsenvations of samples.

Petrographic and fossil analysis may reveal other rock types and stratigraphic classifications.

Solid-stem augers

See Appendix B for description of laboratory
procedures and additional data, (if any).

Advancement Method: See Exhibit A-15 for description of field procedures | Notes:

Note 1: A meaningful groundwater reading was not able to be

obtained at completion of drilling due to the introduction
of drilling fluid to facilitate rock coring at a depth of

Abandonment Method: See Appendix C for explanation of symbols and approximatley 32.5 feet
Backfilled with soil cuttings after obtaining 24-hour abbrevations.
groundwater readings. Ellevan‘ons were interpolated from a topographic site
plan
WATER LEVEL OBSERVATIONS

Boring Started: 10/30/2012 Boring Completed: 10/30/2012

N/ 24 feet while sampling -I re rr a co n
See Note 1 Drill Rig: CME-75 Diiller: JBW

3601 Mojave Court, Suite A

THIS BORING LOG IS NOT VALID IF SEPARATED FROM ORIGINAL REPORT. TERRACON SMART LOG-NO WELL 09125165.GPJ ODOT TEST.GPJ 11/12/12

W 21 feet at 24 hours after completion of drilling Columbia, Missouri Project No.: 09125165 Bdhibit: A9

Figure 4: Gateway Residents Hall Borehole
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THIS BORING LOG IS NOT VALID IF SEPARATED FROM ORIGINAL REPORT.  TERRACON SMART LOG-NO WELL 09125165.GPJ ODOT TEST.GPJ 11/12/12

BORING LOG NO. B-7 _—
PROJECT: Virginia Avenue South CLIENT: University of Missouri
Housing Columbia, Missouri
SITE: Virginia Avenue
Columbia, Missouri
|
© |LOCATION See ExhibitA3 aelwlz ovg| o RHES
S £ [ze =3 ’v'::g we £ 25228
o = |2l | & (=] 8 I |EhE |uE | BE
= EoleZ|a| Y oz S= o |Bxe|ku (ST
ES e oo =3 L 132|255 |28 ween
o Approimate Surace Elev. 761 (Ft) +- | & [€2|Z | § o3 = H E
= =8|% | & 2oR| ©
DEPTH ELEVATION (Ft.)
2 NASPHALT CONCRETE, 2" 4 0
\AGGREGATE BASE COURSE, 6" / =l 10 9000 (HP) 1 13
30| UNCONTROLLED FILL, lean to fat clay, with TE:LE
sand, gravel, and cobbles, gray — 20 9000 (HP) 2 16060| 13 | 113
EAT CLAY (CH), trace sand, brown, with gray, 5
hard =]
Ag,o 7534/ 1
EAT CLAY (CH), trace sand, with gravel, brown, i
with gray, trace biack, very siiff to hard (Glacial 10 20 | 9000 (HP) 3 7410 15 | 17
Drift) |
- with sand - 15 6-8-13 4 18
15+ N=21
-1 9000 (HP)
— trace sandy zones o 18 4-9-11 5 22
20 N=20
- 9000 (HP)
— trace gray 1w X] 18 479 6 21
25 N=16
B 9000 (HP)
- 6-8-12
30 18 Ne20 7 17
HAVA 9000 (HP)
- 16 9-15-24 8 13
35+ N=39
. 9000 (HP)
721.5+/-| - 12 30-40-50/4" 9 13
SHALE, gray, moderately weathered, moderately 40 N=50/4"
hard — 9000 (HP)
— 5! 50/5" 10 12
1164 45 | N=50/5"
LIMESTONE, moderately to slightly weathered, 3 6000 (HP)
hard
148.0 713+
Auger Refusal at 48 Feet
Stratification lines are approximate. In-situ, the transition may be gradual Hammer Type: Automatic SPT Hammer
Classifications and i i estimated from disturbed samples. Core samples and
trographic analysis may reveal other rock types and stratigraphic classifications.
Advancement Method: See Exhibit A-15 for description of field procedures | Notes:
Solid-stem augers
See Appendix B for description of laboratory
procedures and additional data, (if any).
Abandonment Method: See Appendix C for explanation of symbols and
Backfilled with soil cuttings after obtaining 24-hour abbrevations.
groundwater readings. ! ions were il from a ic site|
plan
WATER LEVEL OBSERVATIONS Boring Started: 10/30/2012 Boring Completed: 10/30/2012
N7 31feet while drilling erra con
U 31 feet at completion of drilling | 2 Dril Rig: CME-75 ko
3601 Mojave Court, Suite A
W 25feet at 24 hours after completion of drilling Columbia, Missouri Project No.: 09125165 Bxhibit.  A10

Figure 5: Gateway Residents Hall Borehole 7
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BORING LOG NO. B-11

Advancement Method:
Solid-stem augers

Stratification ines are approximate. In-siu, the transition may be gradual
Classif and i ies estimated from disturbed samples. Core samples and
ic analysis may reveal other rock types and stratigraphic dassifications

Page 1 of 1
PROJECT: Virginia Avenue South CLIENT: University of Missouri
Housing Columbia, Missouri
SITE: Virginia Avenue
Columbia, Missouri
= ATTERBERG|
@ |LOCATION  see Exibt A3 _ lzg|¥| = N _ |oug| #| ol tmms
° c [aR2|E]|5 ae we € 287 a|EE
2 z 2=lulE| %3 zg | 5 |:lG|EE|3k
& 5 |EE|z % 28 35 | T (3EZ|SE (28| wam
g Approsimate Sursce Elew 762 () +- | & |82 g e oS # §§F£ S|°z
DEPTH ELEVATION (Ft) cal s v
OPSOIL, 2" = !
tI:;I’e (;LaAyYh(a%), trace sand and gravel, brown, — 23 9000 (HP) 1 12
B 24| 9000 (HP) 2 6590 | 20 | 103
5 sl
80 754+/ i
FAT CLAY (CH), with sand and gravel, brown, ]
with gray, trace biack, very siiff to hard (Glacial 104 8 [ 9000(HP) 3 131115
Drift) ]
— possible cobbles =1 14 8-10-14 4 15
15— N=24
- 9000 (HP)
. 18 5-8-9 5 16
20 N=17
- 9000 (HP)
1% 18 6-79 6 20
25— B N=16
. 9000 (HP)
§ 1 568 17
o T e
N Bl bvg
4 ~]330 729+/- |
——{CIALIMESTONE  siightly weathered, hard
Auger Refusal at 33.3 Feet
Fammer Type: Automatic SPT Hammer

See Exhibit A-15 for description of field procedures | Notes

See Appendix B for
and additional data, (if any).

Abandonment Method:

See Appendix C for explanation of symbols and

Backfilled with soil cuttings after obtaining 24-hour

description of laboratory

from a

ic site|

groundwater readings.

WATER LEVEL OBSERVATIONS
N/ 32feet while drilling

THIS BORING LOG IS NOT VALID IF SEPARATED FROM ORIGINAL REPORT. TERRACON SMART LOG-NO WELL 09125165.GPJ ODOT TEST.GPJ 11/12/12

N/ 26 feet at completion of drilling

W 24.5 feet at 24 hours after completion of drilling

Boring Started: 10/29/2012

Boring Completed: 10229/2012

Tlerracon -

3601 Mojave Court, Suite A
Columbia, Missouri

Driller.

JBW

Project No.: 09125165

Exhibit:

A4

Figure 6: Gateway Residents Hall Borehole 11
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APPENDIX A-3

LAB NO. 8309 _ PLAN OF
PROJECT: ponald W. Reynolds Journalism BORING LOCATIONS

Columbia, Missouri

SCALE 1" = 40°

0
~J
~J
3
(%]
=
<
~Jd
3
£
Qz
S 0
~J
=

NINTH STREET

Engineering Surveys & Services
Columbia, Missouri

Figure 1: Donald W. Reynolds Journalism boring plan (Aerial View), prepared by
Engineering Surveys and Services
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LAB NO._9309 LOG OF BORING NO. _B2__
PROJECT: Id W. Reynolds Journali .
L e e TYPE: 4" Solid Stem Auger
g '1: 3 - COHESION, TON/SQ.FT.
. 5 —_—
o= SOIL DESCRIPTION eloZ 5| 0204 0608 1.0 1.2 1.4
R w el YDy > 1 H Il i Il 1 1
" 2 n_.‘ YPE,COLOR,MOISTURE & OTHER a i % 8 PLASTIC WATER LIQuID
& 5 See Plan of g %‘dg ,_; LIMIT CONTENT,% UMIT
a [»| LOCATION:  Boring Locations | O < %‘ = i @i i
SURF. ELEV.: 742.8 m|] O 10 20 30 40 50 60 70
TOPSOIL: CLAYEY SILT, Browm, Py
moist, firm, roots
CLAYEY SILT: Brown with dark
brown mottled red, moist to damp,
— 5 firm, roots
SANDY SILTY CLAY: Orangish
brown and gray, moist, firm, roots
—; orangish brown, gray sand ®
- 10 patches, medium size gravel
—; cobble
SANDY SILTY CLAY: Light brown, 2
moist, hard, chert gragel . cH 107 +o—7— —
— 75 —Y| SILTY CLAY: Brown with yeliowish ]
and orangish brown, moist, firm, ?
gray sand patches
SHALEY CLAY: dark greenish gray
- 20 - and black, moist, firm .
LIMESTONE: Hard, beige/
- 25 —
— 30 —
35 -
- 40 —
- 45 —
Completion Depth: 215 Depth to Water: Not Encountered
Date: 10 June 2004 Date: 10 June 2004

Engineering Surveys & Services
Columbia, Missouri

Figure 2: Donald W. Reynolds Journalism Borehole 2

111




PROJECT: W. ids /i
GonGly W1 EiliBl o TYPE: 4" Solid Stem Auger

LAB NO._9309 LOG OF BORING NO. __B__

COHESION, TON/SQ.FT.
SOIL DESCRIPTION .

02 04 06 08 10 1,2 1.4

YPE,COLOR,MOISTURE & OTHER

See Flan of
LOCATION:  Boring Locations
SURF. ELEV.: 743.3

UNIFIED
CLASSIFICATION
LB./CU.FT.

fo——-e————+
10 20 30 40 50 60 70

DEPTH, FT.
SAMPLE TYPE
BLOWS PER FT.
UNIT DRY WT.

PLASTIC WATER LIQUID
LIMIT CONTENT, % LIMIT

TOPSOIL: CLAYEY SILT, Dark brown,
moist, firm I P
SANDY SILTY CLAY: Brown, moist,
firm

- 8§ ~Kj -; orangish brown and gray, roots,
trace of gravel, fine gray sand Y
patches, moist, firm

10 —; slightly shaley, firm to stiff cL S [

| CL—ML:

CLAYEY SAND: Brown, wet, soft,
fine to medium grain_sand '

® M

115

— 75 —%| SANDY SILTY CLAY: Orangish brown {27
with blueish gray, moist to damp,
stiff

100

~ 20 SAND: Brown, soft, wet, mediﬁr

rain

SANDY SILTY CLAY: Orangish brown
nd gray, moist, firm

soft, fine grain
SANDY SILTY CLAY: Orangish brown

- 25 5N CLAYEY SAND:  Light brown, wel, / 7 @

CLAYEY SHALE: Dark gray with
— 30 - |blueish gray, damp, hard

LIMESTONE: Hard

_35_

Completion Depth: 28. Depth to Water: Trace at 12.0° Depth at 15.0
Date: 10 June 2004 Date: 10 June 2004

Engineering Surveys & Services
Columbia, Missouri

Figure 3: Donald W. Reynolds Journalism Borehole 5
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LAB

NQ. __ 9309

Columbia, Missouri

PROJECT: ponaid W. Reynolds Journaiism

LOG OF BORING NO. __B8 _
TYPE: 4" Solid Stem Auger

DEPTH, FT.

SAMPLE TYPE

SOIL DESCRIPTION
YPE,COLOR,MOISTURE & OTHER

See Plan of
LOCATION:  Boring Locations
SURF. ELEV.: 741.3

BLOWS PER FT.
UNIFIED
CLASSIFICATION

COHESION, TON/SQ.FT.
0.2 0,4 0,6 0.8 1.0 1.2 1.4

PLASTIC WATER LIQUID
LIMIT CONTENT, % LIMIT

—_—

10 20 30 40 50 60 70

UNIT DRY WT.
LB./CU.FT.

- 30 —

_40._.

moist, firm, roots, with small
gravel
SILTY CLAY: Light brown with

TOPSOIL: CLAYEY SILT, Dark brown,

orangish brown and some gray,

moist, firm, with small to medium
gravel, and brick fragments, root

hairs

105 [ ] r

SANDY SILTY CLAY: Brown with

orangish brown, moist, firm
—; wet to moist, soft to firm

99 —~.®.w_

brown, moist, firm

SILTY CLAY: Brown with orangish [

SANDY SILTY CLAY: Dark gray with
brown and orangish brown, moist,
firm, medium grain sand, traces of]
gravel

SANDY SILTY CLAY: Light brown
with yellowish brown and gray,
moist, soft to firm, with gravel

CLAYEY SAND: Light brown, soft,
wet, with gravel, medium to fine

33

—; limestone cobbles, beige

SHALEY CLAY: Gray, damp, stiff
CLAYEY SHALE: Gray and greenish
gray, damp, stiff
| LIMESTONE: _ Thin bed il

grain sand
Z; with black patches /

SHALE: Dark gray, damp, stiff

— 50 —

Completion Depth: 43.5°
Date: 11 June 2004

Depth to Water: Depth at 15.0°

Date:

i1 June 2004

Engineering Surveys & Services
Columbia, Missourf

Figure 4: Donald W. Reynolds Journalism Borehole 6

113




LAB NO._ 9309
PROJECT: ponald W. Reynolds Journalism

Columbia, Missouri

LOG OF BORING NO. __2t__

FYPE:

4" Solid Stem Auger

DEPTH, FT.

SOIL DESCRIPTION
TYPE,COLOR,MOISTURE & OTHER

See Plan of
LOCATION:  Boring Locations
SURF. ELEV.: 742.1

SAMPLE TYPE

COHESION, TON/SQ.FT.
—_—————
0.2 0.4 06 0.8 1.0 1.2 1.4

BLOWS PER FT.
UNIFIED
CLASSIFICATION
UNIT DRY WT.
LB. /CU.FT.

PLASTIC WATER LIQUID

LIMIT CONTENT,% LIMIT
ey

10 20 30 40 50 60 70

ASPHALT ,

WASTELIME

CLAYEY SILT: Dark brown, moist,
soft, to firm

105

SANDY SILTY CLAY: Blueish gray

with orangish brown, moist, firm

—; sorne fine grained gray sand,
and small gravel

—; orangish brown and gray

—; cobble

~; dark gray

-; cobble

16 | CL 107

41t

- 20 —

brown, damp, hard, fine grain, gray,

SANDY SILTY CLAY: Dark gray and /

and lenses

SANDY SHALEY CLAY: Dark gray,
damp, hard

_25..

LIMESTONE: Thin bed or cobble

81

SANDY SHALEY CLAY: Dark gray,

damp, hard
SAND: Brown, wet, firm, medium

- 30 —

_35_..

- 40—

_50_.

grain

SHALE: Gray with light gray,
damp, hard

{ LIMESTONE: _ Thin bed

L

SHALE: Gray, damp. hard

LIMESTONE: _Hard,

Completion Depth: 37.8
Date: 10 June 2004

Depth to Water:

Depth at 18.0°

Date: 10 June 2004

Engineering Surveys & Services
Columbia, Missouri

Figure 5: Donald W. Reynolds Journalism Borehole 7
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APPENDIX A-4

ﬂ
LAB NO. 3576 PLAN  OF
$ PROJECt‘ School of Journalism BORING LOCATIONS
- Lee Hills Hall _
Columbia, Missouri
=
&2
~ — e~
3 SOUTH EIGHTH S7eceT Scaceg: /"=40
r
! %
4! & B\
§ B-4 B2
‘ B-\3 B-\2
[ 4 ¢ -\
r g PARKING LoT
-
= ®-10
% B-\o 4 g
m N B-5
i 1R 4 = B
‘ N & "
8 B-\S Ejl
n 4 ; |
13N i g
ol G .¢.
] <
T lé ARKING 0T
B-Z
8-/ a-8
§ § B PR &
P T
‘ ¥
ﬂ Q concreTE cuea -t
M P )
?H\ SOUTH SEVENTH STREET
N
~

Engineering Surveys & Services
Columbia, Mo. 17

Figure 1: Lee Hills Hall boring plan (Aerial View), prepared by Engineering Surveys
and Services
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LAB NO._. 3575
PROJECT: School of Journalism

LOG OF BORING NO.__B!

Columbia, Mo. 18

Figure 2: Lee Hills Hall Borehole 1

116

Lee Hills Hall TYPE : 4" Solid stem auger ~
Columbia, Missouri :
b g ; COHESION, TON/SQ.FT. s
= SOl Ll 8 >y e A
w L DESCRIPTION 5 82 > 0:2 0;4 0.6 08 Ii0 1.2 154 :
» |WTYPE, COLOR, MOISTURE & OTH co 3 — ;
E ' : OTHERI @ \i & G 3 |PLASTIC  WATER _ LiQUID |
& g ga ,:B LIMIT CONTENT,%  LIMIT i
o LOCATION: See Boring Plan =} g § - b @i T+ :
SURF, ELEV.: 729.9 a Ol 10 20 30 40 50 60 70 -
SILTY CLAY: Dark brownish gray, moist, ;
stiff, some organics )
—
!
CLAY: Gray, mottled, moist, firm, some PY L
- 5+ lignite stains
SILTY CLAY: Brown and gray, moist, ._‘\
iff
st 107 ° @
-, with gravel and lignite "‘
nodules, stiff Py 3
- 10
-, very stiff
-
y
-, gradually grades to weathered
shale 104 p B
L N
WEATHERED SHALE: Greenish gray, moist
_\ to wet, stiff /
WEATHERED LIMESTONE: Mixed with “
'\ weathered shale seams / I
LIMESTONE: Hard /
"1\ WEATHERED SHALE: Very stiff to hard, —
- 20 - drilled with difficulty | .
i
- 25— —
B
L 30
8
"1‘
Completion Depth: 19.2' Depth to Water: 15.0' :
Date: 30 April 1992 Date: 30 April 1992
-
Engineering Surveys & Services ;
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LAB NO.__ 3576
PROJECT: School of Journalism

Lee Hills Hall
Columbia, Missouri

LOG OF BORING NO._B%2___

TYPE: 4" Solid stem auger

= 5 ; COHESION, TON/SQ.FT.
g | - _
= SOIL DESCRIPTION ¢ off Ll | 02 04 06 08 10 12 I4
pe wol &= L
< TYPE, COLOR, MOISTURE & OTHER| a b Qa PLASTIC WATER
E INZh - LIMIT CONTENT,%
uw ZP4 29 fo-mm - o------ +
a LOCATION: See Boring Plan 3 3 § -
SURF. ELEV.: @| g 10 20 30 40 50 60 70
ASPHALTIC CONCRETE PAVEMENT )
GRAVEL BASE
SILTY CLAY: Gray, moist, soft to firm,
SILTY CLAY: Brown with gray, moist,
stiff ®
| 5 -, more gray
-, brown and gray CH +o-—+ -4
| 10 mﬂlﬁ?ﬁzﬂfﬂgﬁp Gray with some cL 107 !@.—.. —_d
WEATHERED LIMESTONE
15 WEATHERED SHALE
LIMESTONE: Hard [
Auger Refusal @ 18.2' on Limestone
.20
—25
—30
Completion Depth: 18.2' Depth to Water: 8.5'
Date: 1 May 1992 Date: 1 May 1992
Engineering Surveys & Services
Columbia, Mo. 19

Figure 3: Lee Hills Hall Borehole 2
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LAB

NO. 3576

PROJECT: school of Journalism

LOG OF BORING NO._B3

j~
Lee Hills Hall TYPE: 4" So0lid stem auger '
Columbia, Missouri
- g ; COHESION, TON/SQ.FT. -
" w| 9 = _— H
= SOIL DESCRIPTION glofl » - | 02 04 06 08 10 12 4 |-
- wol s A— .
- TYPE, COLOR, MOISTURE & OTHER| a & 03 PLASTIC WATER LIQUID
= Q|28 5 | LMIT  CONTENT,% LIMIT B
N SN | dscaaimaoageie e }
g LOCATION: See Boring Plan S < g - + ® +
SURF., ELEV.:725.6 o O 10 20 30 40 50 60 70
ASPHALTIC CONCRETE PAVEMENT T —— |
GRAVEL BASE ] ’
TOPSOIL: Silty clay, dark brown,
moist, soft i ""a‘
SANDY SILTY CLAY: Brown and gray, i
moist, firm, rust stains
- 54 ~ -
1
03 ’
[, | ®e
-, with 1" gravel, wet, very M
stiff b
® e
-, wet .
15+ j
WEATHERED SHALE: Gray to light gray, 107 «
damp to moist, very stiff I~
-, stiffer
- 20 !
WEATHERED LIMESTONE: Moderately hard,
possibly fractured
WEATHERED SHALE: Very stiff :
LIMESTONE: Hard { &
Auger Refusal @ 22.9' on Limestone L
= 25 !
=Y
- 30 &
N
Y
1
Completion Depth: 22.9' Depth to Water: 11.0' ’
Date: 1 May 1992 Date: 1 May 1992 .
Engineering Surveys & Services 5

Columbia, Mo.

Figure 4: Lee Hills Hall Borehole 3
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LAB NO.
PROJECT: School of Journalism

3576

Lee Hills Hall
Columbia, Missouri

LOG OF BORING NO._B5 'L

TYPE : 4" Solid stem auger

P

DEPTH, FT.

TYPE, COLOR, MOISTURE & OTHER

SOIL DESCRIPTION

LOCATION: See Boring Plan

BLOWS PER.FT,

UNIFIED
CLASSIFICATION

UNIT DRY WT.
LB./CU. FT.

COHESION, TON/SQ.FT.
—_—
02 04 06 08 LO 1.2 1.4

PLASTIC

WATER LIQUID

LIMIT CONTENT,% LIMIT

10 20 30 40 S50 60 70 l

IitASl’H.M..IIC CONCRETE PAVEMENT

SURF. ELEV.: 727.0
=
GRAVEL BASE J

FILL: Silty clay, cobbles and boulders
-, boulder
-, with wood debris

-, with gravel, grades to silty
clay at 6.0'

- 10

SILTY CLAY: Brown with gray, moist,
stiff, some rust stains

-, more gray

-, very stiff

\07

15

WEATHERED SHALE: Whitish gray, damp,
very stiff, brittle at times

123

20 |

WEATHERED LIMESTONE: Fractured, soft
to moderately hard /

WEATHERED SHALE

WEATHERED LIMESTONE

WEATHERED SHALE

"\ WEATHERED LIMESTONE

95|

- 30

NO REFUSAL

Completion Depth: 21.3'
Date:

30 April 1992

Depth to Water:Not Encountered

Date:

30 April 1992

|
— = Jrr|- e WIS ot e B o BT Pl o WO o

Engineering Surveys & Services
Columbia, Mo. 22

Figure 5: Lee Hills Hall Borehole 5
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LAB NO.__ 3376
PROJECT: school of Journalism

Lee Hills Hall
Columbia, Missouri

LOG OF BORING NO._3s

TYPE : 4w

Solid stem auger

= ; COHESION, TON/SQ.FT.
. 'S b= - —)——
E SOIL DESCRIPTION €95 »=| 02 04 05 08 10 12 14
_ wal &< ! 1 i i i
E TYPE, COLOR, MOISTURE & OTHER| a o S 3 |pLasTIC WATER LIQUID
a DIZH - LIMIT CONTENT,% LIMIT
u 29 25| +--~m—- o-~---- +
= LOCATION: See Boring Plan S g g -
. SURF. ELEV.: 724.5 @| O 10 20 30 40 S50 60 70
\ASPHALTIC CONCRETE PAVEMENT
\GRAVEL BASE ‘
FILL: Silty clay, brown, moist, soft
to firm, rust stains
cL H-@----++
- 5 SILTY CLAY: Gray, moist, stiff
SILTY CLAY: Brown and gray, moist,
stiff to very stiff
- 10 -, becomes more clayey q9 b P
[ ]
WEATHERED LIMESTONE: With occasional
15— thin clay seams
-, clay seam
-, weathered limestone with
occasional clay seams
— 20 -
— 25—
- 30

Completion Depth: 20.5'
Date: 30 April 1992

Depth to Water:Not Encountered

Date:

30 April 1992

Engineering Surveys & Services
Columbia. Mo.

23

Figure 6: Lee Hills Hall Borehole 6
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LAB NO. ——
PROJECT: School of Journalism

3576 ‘

Lee Hills Hall
Columbia, Missouri

LOG OF BORING NO._E8

TyPE: 4" Solid stem auger

DEPTH, FT.

SOIL DESCRIPTION
TYPE, COLOR, MOISTURE & OTHER

LOCATION: See Boring Plan
SURF. ELEV.:

BLOWS PER.FT,

COHESION, TON/SQ.FT.
i
02 04 06 08 1O 12 14

PLASTIC
LIMIT

WATER
CONTENT,%

UNIFIED
CLASSIFICATION
UNIT DRY WT.
LB./CU. FT.

LIQUID
LIMIT

10 20 30 40 S50 60 70

ASPHALTIC CONCRETE PAVEMENT I
GRAVEL BASE

l SILTY CLAY: Brownish gray, moist, firm

SILTY CLAY: Brown and gray, moist,
stiff to very stiff, some rust
stains

-, moist, stiff

(R3] ? ®

— 10

WEATHERED SHALE: Whitish gray, very
stiff, damp

118 ®

I\ LIMESTONE: Fractured, moderately hardf

|~ WEATHERED SHALE: Tan, damp r

15—

WEATHERED LIMEST /

-\XIEAIHERED SHALE: Tan, dry to damp

WEATHERED LIMESTONE: Moderately hard,
seamy, with occasional thin
weathered shale seams

limestone seams, tan, dry to

WEATHERED SHALE: With thin weathered
damp

L 20 -

| 25 |

- 30

LIMESTONE: Hard
Auger Refusal @ 16.7'

Completion Depth: 16.7'

Date: 1 May 1992

Depth to Water: Not Encountered
Date: 1 May 1992

Engineéering Surveys & Services
Columbia, Mo.

25

Figure 7: Lee Hills Hall Borehole 8
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LAB NO.
PROJECT: school of Journalism

3576

LOG OF BORING NO._BlL

Lee Hills Hall TYPE: 3" 50lid stem auger =
Columbia, Missouri :
= 2 = COHESION, TON/SQ.FT.
= SOIL DESCRIPTION |&|, & 2¢ — ¥
i 5 82 > & 02 04 06 08 1O 1.2 |4
P _u z . b 1 1 L 1
= TYPE, COLOR, MOISTURE & OTHER| o 2 08 PLASTIC WATER Liuio |
E DIZH =D LIMIT CONTENT,% LIMIT ;
w 3°9 23| +------- o--—--- +
o LOCATION: See Boring Plan (o] <_tI s -
SURF. ELEV.:  729.3 a| o 10 20 30 40 50 60 70 |
SILTY CLAY: Dark brown, moist, firm . 3
i
SILTY CLAY: Brown with gray, moist, '
— 5 stiff, slightly sandy e
=
L 10— )
-
- 15— -, stiff to very stiff *
f‘:
- 20 WEATHERED SHALE: Dry, very stiff \
LIMESIONE: Seamy, moderately hard
to soft, possibly weathered, ~
dry |
— 30 -
by
i
Completion Depth: 28.6' Depth to Water: Not Encountered ’
Date: 29 April 1992 Date: 29 April 1992 i
Engineering Surveys & Services '
Columbia, Mo. 28

Figure 8: Lee Hills Hall Borehole 11
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LAB NO. _22/°
PROJECT: School of Journalism

3576

LOG OF BORING NO. B13

Lee Hills Hall TYPE: 3" Solid stem auger Fj
Columbia, Missouri . :
= % ; COHESION, TON/SQ.FT. .
3 w| < = —_— :
- SOIL DESCRIPTION | - o L& | 02 04 06 08 10 12 L4
~ w W @ = I L. 1 1 1 1
- TYPE, COLOR, MOISTURE & OTHER| q | o 8 PLASTIC WATER LIQUID |
= OIZH =~ | LUMIT CONTENT, % LIMIT i
w 2”94 28| +------- o-——--- +
o LOCATION: See Boring Plan |G| g £
SURF, ELEV.: 728.9 | O 10 20 30 40 50 60 70 -
ASPHALTIC CONCRETE PAVEMENT / i
GRAVEL BASE '
FILL COBBLES & BOULDERS: Loose b~
[ ]
- 54 =)
SILTY CLAY: Brown with gray, moist,
stiff, slightly sandy L~
- 104
B
WEATHERED SHALE: Tan and gray, very 1
- 154 Stiff, dry '
s
| 20
i
LIMESTONE: Moderately hard
— 25+ Trace water @ 14,0', Dry @ 14.5' i
depth. L
- 304

Completion Depth: 24.3'
Date: 29 April 1992

Depth to Water: 14.0"

Date:

29 April 1992

B ! I

Engineering Surveys & Services
Columbia, Mo. 30

Figure 9: Lee Hills Hall Borehole 13
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. |

. |

b |

)

O |

-

PROJECT: School of Journalism

Columbia, Missouri

LAB NO. 3376 LOG OF BORING NO._Bl:

Lee Hills Hall TYPE: 3" S0lid stem auger

- ; COHESION, TON/SQ.FT.
% TS b= - ———r
= SOIL DESCRIPTION & ob x w| 02 04 06 08 10 12 14
- = y
< TYPE, COLOR, MOISTURE & OTHER| a @ 08 PLASTIC WATER LIOUID
E DIZHE - LIMIT CONTENT,%  LIMIT
w 2°9 28| t-mmemm= = +
o LOCATION: See Boring Plan 8 3 § |
SURF, ELEV.: 720.4 @| O 10 20 30 40 50 60 70
FYASPHALTIC CONC AVENENT ;
GRAVEL BASE
SILTY CLAY: Dark brown, firm, moist
SILIY CLAY: Brown and gray, moist,
5 stiff, some sand
WEATHERED SHALE: Gray and tan, dry,
_ 10~ very stiff
[~ WEATHERED LIMESTONE: Some clay seams
LIMESTONE: Possibly jointed
| 15— |- LIMESTONE: Hard _
h_CLAY
(4~ LIMESTONE: Hard, possibly fractured .
- 20 -
— 25—
- 30 —
Completion Depth: 16.3' Depth to Water: Not Encountered
Date: 29 April 1992 Date: 29 April 1992

Engineering Surveys & Services
Columbia, Mo. 31

Figure 10: Lee Hills Hall Borehole 14
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LAB NO, 3316
PROJECT: school of Journalism

Lee Hills Hall
Columbia, Missouri

A
LOG OF BORING NO._315 L

TYPE:3" S0lid stem auger

l

Completion Depth: 23.3'
Date: 30 April 1992

Depth to Water: Trace @ 5.2'

30 April 1992

Engineering Surveys & Services
Columbia, Mo.

= ; COHESION, TON/SQ.FT. L

g ™ = —_— 4
c SOIL DESCRIPTION €05 »~%| 02 0406 08 10 12 14 !

= wd X f f i i i
. TYPE, COLOR, MOISTURE & OTHER| q fro a 8 PLASTIC WATER LIQUID 1
v g % il B LIMIT CONTENT,% LIMIT j
8 LOCATION: See Boring Plan [5|™ % Z - TR il + :
SURF, ELEV.:726.4 @ Ol 10 20 30 40 50 60 70 L
ASPHALTIC CONCRETE PAVEMENT Jr'; ==——‘TE Rt
GRAVEL BASE .
FILL: Silty clay, cobbles and L
boulders, dark brown, moist to

wet i :

[ 5] l
SILTY CLAY: Brown with gray, moist, =
stiff, slightly sandy L
:
- 10 'L
15 CLAY SHALE: Tan to grayish white, dry H
— = to damp, very stiff L
- 20 ~| | WEATRERED LIFESTONE i
WEATHERED SHALE L
LIMESTONE: Jointed, seamy, moderately i
my hard, some weathered shale seams L
— 25— )
;
[0 |
{
i

Figure 11: Lee Hills Hall Borehole 15
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LAB NO. 3576

Lee Hills Hall

PROJECT: school of Journalism

Columbia, Missouri

LOG OF BORING NO._B6___

TYPE: 3" S0lid stem auger

= 3 ; COHESION, TON/SQ.FT.
. '8 1= - e e are:
= SOIL DESCRIPTION gi05 > | 02 0406 08 10 2 14
< TYPE, COLOR, MOISTURE & OTHER| a EE 03 PLASTIC WATER LIQUID
E DIZH - LIMIT CONTENT,% LIMIT
u 2”9 29| +------- o--—--- +
a LOCATION:See Boring Plan 8| ¢ 3~
SURF. ELEV.: 727.7 | O 10 20 30 40 50 60 70
\ASPHALTIC CONCRETE PAVEMENT
\GRAVEL BASE
FILL: Dark brown silty clay, moist,
firm, some rubble
- 54
-, fuel odor
- 10—
SILTY CLAY: Brown and gray, moist,
firm
L 154
- 20
- 30—

Completion Depth: 12.0'
Date:30 April 1992

Depth to Water:Not Encountered
Date: 30 April 1992

Engineering Surveys & Services
Columbia, Mo.

33

Figure 12: Lee Hills Hall Borehole 16
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Yy Sy 9D T L) EED

LAB NO. 3378

PROJECT: School of Journal
Lee Hills Hall
Columbia, Missour

ism

i

LOG OF BORING NO. B8

TYPE : 3" Solid stem auger

DEPTH, FT.

SURF, ELEV.:

GRAVEL BASE

SOIL DESCRIPTION
TYPE, COLOR, MOISTURE & OTHER

LOCATION: See Boring Plan

BLOWS PER.FT,

SILTY CLAY: brown with some gray,
moist

UNIFIED

= COHESION, TON/SQ.FT.

- ——

L& | 02 04 06 08 10 12 1.4
T - N i 1 1 1 i 3
G 3 |PLASTIC  WATER LIQUID
£ | UMIT  CONTENTS% LIMIT
Ea| e o------ +

10 20 30 40 50 60 70

ASPHALTIC CONCRETE PAVEMENT

|10 stiff

WEATHERED SHALE: Whitish gray, very

[\ WEATHERED LIMESTONE

g

WEATHERED SHALE: Tan

STONE: With thin

weathered shale seams, hard

_ 154

- 20

25 -]

30 —

|~ Auger Refusal @ 15.0' on Limestone

Completion Depth: 15.0"

Depth to Water: Not Encountered

Date: 1 May 1992 Date: 1 May 1992
Engineering Surveys & Services
Columbia, Mo. 35

Figure 13: Lee Hills Hall Borehole 18
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APPENDIX A-5

LAB NO. 3591

PROJECT: UM System — Missouri Studies
Columbia, Missouri

PLAN OF BORING LOCATIONS

0 60 120

e —

SCALE: 1”7 = 60’

LOCUST STREET

Bﬁ---_:}.a ! : . '_ﬁ_.—:\ﬁg

P B8
PROPOSED PARKING
STRUCTURE

[™
)
ﬂ‘f——u\

HEINKEL BUILDING I

\nﬂﬁ—r

|)> SOUTH SIXTH. STREET
e —— A —— i —
@
©
|
P

i 5

SOUTH SEVENTH STREET

)
PROPOSED MISSOURT '
STUDIES BUILDING :

ﬁlﬁ
:I
I
]
I
1'%
Il\l
-
B
1|
m
=
N |
'0.

\

LEGEND

$B , BORING

= m= mm  PROPOSED BUILDING

_* Engineering Surveys & Services

Columbia, Missouri

Figure 1: Missouri Studies and State Historic Building boring plan (Aerial View),
prepared by Engineering Surveys and Services
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LAB No. 3591
PROJECT: UM System — Missouri Studies

Columbia, Missouri

LOG OF BORING NO. __B1
TYPE: 4" Solid Stem Auger

COHESION, TON/SQ.FT.
—.®—

-; chert cobbles

=1 Z .
Ll L ol .
s SOIL. DESCRIPTION x| SE| 0204 06081012 14
ke TYPE, COLOR, MOISTURE & OTHER |a |F9|a 8
= u A E% A X | PLASTIC WATER LIQUID
= Q@ See Plan of = D= m| LIMIT CONTENT,% LIMIT
&2 LOCATION:  Boring Locations |9 | <|Z - b ® }
a |n SURF. ELEV.: 715.3’ @| o 10 20 30 40 50 60 70
S ASPHALT
— [\BASEROCK /
FILL; SILTY CLAY: Brown, moist, firm /
SANDY SILTY CLAY: Tan, orange brown and
gray mottled, dry to moaist, stiff, with some gravel CL [ 3
15 [

SHALE: Light gray to tan, moist, stiff to hard,
with weathered limestone

LIMESTONE

AUGER REFUSAL ON LIMESTONE

Completion Depth: 718.0°
Date: 24 November 2015

Depth to Water ATD: 716.0’

e

Engineering Surveys & Services

Columbia, Missoun

Figure 2: Missouri Studies and State Historic Building Borehole 1
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LAB No. 3591
PROJECT: UM System — Missouri Studies

Columbia, Missouri

LOG OF BORING NO. __B2
TYPE: 4" Solid Stem Auger

COHESION, TON/SQ.FT.
—®_

w T 8le .
s SOIL. DESCRIPTION el TE| 0204 06081012 14
K, TYPE, COLOR, MOISTURE & OTHER |a [F9|a 3
4 | - 2% a X | PLASTIC WATER LIQUID
= | See Plan of = Dl m| LIMIT CONTENT,% LIMIT
& |Z| LOCATION: Boring Locations |S| <|Z = } ® :
(SN %) SURF. ELEV.: 710.5’ @| o- 10 20 30 40 50 60 70
—_— ASPHALT /
— [\BASEROCK [
FILL; SILTY SANDY CLAY: Brown, wet to moist,
soft, with gravel
10

SILTY CLAY: Brown and gray mottled, moist,

firm, highly plastic
-; chert cobbles

LIMESTONE: Weathered with chert nodules and
clay seams

LIMESTONE: light gray, very hard

AUGER REFUSAL ON LIMESTONE

Completion Depth: 79.5°
Date: 24 November 2015

Depth to Water ATD: Not Encountered

e

Engineering Surveys & Services

Columbia, Missoun

Figure 3: Missouri Studies and State Historic Building Borehole 2
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LAB No. 3591

PrRoJECT: UM System — Missouri Studies
Columbia, Missouri

LOG OF BORING NO, __B5

TYPE: 4" Solid Stem Auger

-; chert cobbles

-; limestone cobbles

" E % x COHESION, TON/SQ.FT.
= . . - A
i % SOIL DESCRIPTION & QZ i E 012 O.‘4- 016 0;8 1.‘0 1.12 1.14
L TYPE, COLOR, MOISTURE & OTHER |a E—_JQ x 2
b L i 2% DQ PLASTIC WATER LIQUID
L See Plan of = DO|=@| LIMIT CONTENT,% LIMIT
& = LOCATION: ~ Boring Locations S | <|Z -~ } @ f
—_— ASPHALT /
BASEROCK /
SILTY CLAY: Brown, moist, firm
-; orange brown, brown and gray
mottled, moist, firm
102 [ ®
11 [ ]
SHALEY CLAY: Tan, gray, and reddish brown
mottled, moist, stiff to hard
18 [}

SHALE: Light gray, dry, hard, calcareous

Completion Depth: 31.5°
Date: 24 November 2015

Depth to Water ATD: Not Encountered

Engineering Surveys & Services
Columbia, Missouri

Figure 4: Missouri Studies and State Historic Building Borehole 5
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LAB NO.
PROJECT:

3591

UM System — Missouri Studies
Columbia, Missouri

LOG OF BORING NO. _B7 __
. 4" Solid Stem Auger
TYPE: w/ Finger Bit

-; Cobbles

-; Chert cobbles and thin limestone
beds, weathered with shale

» E % = COHESION, TON/SQ.FT.
o iy —_—
. g SOIL DESCRIPTION & loxl> £ 02 0.4 06 08 10 12 1.4
= TYPE, COLOR, MOISTURE & OTHER |a [ 8
5 L e EL(/:) a X | PLASTIC WATER LIQUID
= oo See Plan of = PDo|Em| LMIT CONTENT,% LIMIT
& |Z| LOCATION: Boring Locations |Q| SZ | —H-------- @——-———-- -+
ASPHALT
BASEROCK: 1" minus
L 5 | SILTY CLAY: Brown to dark brown, moist firm
(possible fill)
@
CL| 110 +e——T——+
-; Gray and light brown to tan, moist,
stiff, somewhat shaley
CLAYEY SHALE: Gray and orangish brown,
moist, stiff to hard
121 [ J

LIMESTONE

AUGER REFUSAL

Completion Depth: 18’
Date: 271 November 2016

Depth to Water ATD: Not Encountered

*

Engineering Surveys & Services

Columbia, Missouri

Figure 5: Missouri Studies and State Historic Building Borehole 7
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LAB NO. 3591
PROJECT: UM System — Missouri Studies

Columbia, Missouri

LOG OF BORING NO. __ 88
. 4" Solid Stem Auger
TYPE: w/ Finger Bit

COHESION, TON/SQ.FT.
.—®_

=1 =zl .
Ll w| Ok .
= 9;: SOIL DESCRIPTION 5 S:iu'__ 0.12 014 016 0;8 1.10 1.12 1.14
= TYPE, COLOR, MOISTURE & OTHER |a |T9|x 8
5 Ld i 2% a | PLASTIC WATER LIQUID
= (o See Plan of = Dl m| LIMIT CONTENT,% LIMIT
& |Z| LOCATION: Boring Locations |O| Z - % L 4 I
a |n SURF. ELEV.: 713.4’ m| © 10 20 30 40 50 60 70
ASPHALT
BASEROCK: 3" minus
B FILL: SILTY CLAY: Dark brown, moist, firm
- - L
FILL: Dark brown, moist, soft 3
- 4 SILTY CLAY: Light brown and gray, moist, firm [ ]
L6 — -; Chert gravel and cobbles, somewhat
shaley
[~ 8 |/ GRAVELY SHALEY CLAY: Tan and orangish
tan, moist, firm, considerable chert gravel 38 [
LIMESTONE A 4 4| —1 4 — 4| ]
AUGER REFUSAL

Completion Depth: 710.9’
Date: 21 November 2016

Depth to Water ATD: Trace at 9’

3

Engineering Surveys & Services
Columbia, Missouri

Figure 6: Missouri Studies and State Historic Building Borehole 8
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L4B NO. 3591 LOG OF BORING NO. _89

PROJECT: UM System — Missouri Studies Typg. 4" Solid Stem Auger
Columbia, Missouri w/ Finger Bit
" E % e COHESION, TON/SQ.FT.
2 . —_—
i % SOIL DESCRIPTION 5 azit 012 014 O;G O.|8 1.|O 1.|2 1.|4
K TYPE, COLOR, MOISTURE & OTHER |a |z8|a 8
o ke - E% a X | PLASTIC WATER LIQUID
= | See Plan of = Pl m| LIMIT CONTENT,% LIMIT
& 2 LOCATION:  Boring Locations 9| g z- = -
o 2 SURF. ELEV.: 709.9’ m O 10 20 30 40 50 60 70
APSHALT
BASEROCK: 2" minus
—_— SILTY CLAY: Dark brown, moist, friable,
considerable silt
-; Chert gravel 12
5 -; Brown, light brown and dark brown, ®
moist, firm
— 8 SHALEY CLAY: Tan and orangish brown, moist,
stiff to hard, chert gravel and cobbles 22 [ ]
;5 _| [ LIMESTONE: Weathered
—— [ [LIMESTONE: AUGER REFUSAL | T T T
Completion Depth: 712.2° Depth to Water ATD: 711.5°

Date: 27 November 2016
* Engineering Surveys & Services

Columbia, Missouri

Figure 7: Missouri Studies and State Historic Building Borehole 9
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LAB NoO. 3591
PROJECT: UM System — Missouri Studies

Columbia, Missouri

LOG OF BORING NO. __B10__
. 4" Solid Stem Auger
TYPE: w/ Finger Bit

COHESION, TON/SQ.FT.
—®—

= =z .
Ll | okt .
1 SOIL DESCRIPTION & lo=I> 5| 02 04 06 08 10 1.2 14
K TYPE, COLOR, MOISTURE & OTHER |a E(;) 14 8
it o - 2'—(7'; ol PLASTIC WATER LIQUID
= o See Plan of = D0l m| LIMIT CONTENT, % LIMIT
&2 LOCATION:  Boring Locations S| g z- = S -
ASPHALT
BASEROCK: 1" minus Y,
_— FILL: CLAYEY SILTL: Dark brown to black, very
|- 2 —{ | moist, soft
[
- 4 SILTY CLAY: Dark brown, moist, soft to firm, 91 ® P
chert gravel
- 6 —
-; Considerable chert gravel
- 8
SHALEY CLAY: Tan and yellowish brown, moist,
L 10 — firm to stiff, considerable chert 30 [ ]
LIMESTONE SN ORI NSO | U I N | NN O (N [
AUGER REFUSAL
- 16 —
- 18 —
- 20 -
- 22

Completion Depth: 71.4’
Date: 27 November 2016

Depth to Water ATD: Not Encountered

e

Engineering Surveys & Services
Columbia, Missouri

Figure 8: Missouri Studies and State Historic Building Borehole 10

135



LAB NO. 3591
PROJECT: UM System — Missouri Studies

Columbia, Missouri

. 4” Solid Stem Auger
TYPE:
w/ Finger Bit

LOG OF BORING NO, __B13

COHESION, TON/SQ.FT.
—®_

-; Brown to dark brown, moist, firm,

some brick

= | 2Z]...
Ll L| O .

i % SOIL DESCRIPTION 5 8:?—: 012 014 016 018 1.10 1.12 1.14
b TYPE, COLOR, MOISTURE & OTHER |a [Z2|x 8
zt Ld - 2% o X | PLASTIC WATER LIQUID
= (@ See Plan of = D= m| LIMIT CONTENT,Z% LIMIT
&2 LOCATION:  Boring Locations Sl Jz- +-——- @ |

ASPHALT, BASEROCK

FILL: SILTY CLAY: Dark brown

8

SHALEY CLAY: Gray, trace of tan, moist, firm to
stiff

LIMESTONE: Weathered

CLAYEY SHALE: Tan and gray, damp, stiff to
hard

LIMESTONE

AUGER REFUSAL

Completion Depth: 12.5°
Date: 21 November 2016

Depth to Water ATD: Not Encountered

3

Engineering Surveys & Services

Columbia, Missouri

Figure 9: Missouri Studies and State Historic Building Borehole 13
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LAB No. 3591

PROJECT: UM System — Missouri Studies
Columbia, Missouri

LOG OF BORING NO.

w/ Finger Bit

B16
Type: 47 Solid Stem Auger

SOIL DESCRIPTION
TYPE, COLOR, MOISTURE & OTHER

See Plan of
LOCATION:  Boring Locations
SURF. ELEV.: 717.5°

DEPTH, FT.
SAMPLE TYPE

COHESION, TON/SQ.FT.
—®_
0,204 06 08 1.0 1.2 1.4

PLASTIC WATER

UNIFIED
LB./CU.FT.

LIQUID
LIMIT
ol

BLOWS PER FT.
CLASSIFICATION
UNIT DRY WT.

LIMIT CONTENT, %
+ ®

10 20 30 40 50 60 70

ASPHALT

BASEROCK

— 2 — SILTY CLAY: Brown, moist, firm

-; light to orangish brown and gray, some
black, moist, stiff, some sand, somewhat
plastic

CH| 111 o5

CLAYEY SHALE: Gray, trace of tan

-; cobbles

-; tan, damp, hard, thin orange sand
lines

120 [ ] ®

LIMESTONE: AUGER REFUSAL /
CORE 1

CORE 2
LIMESTONE: Light gray, hard

CORE 1

=5

_Z_

—10-

iz

_E_

B

—18—/| LIMESTONE: Gray, hard
20—

_Z_

_E_

26—

—28— RECOVERY=78%

RQD=0.70
CORE 2

RECOVERY=100%
| 3o | RQD=0.85

Completion Depth: 26.2°
Date: 22 November 2016

Depth to Water ATD: Trace at 10’

Columbia, Missoun

4*» Engineering Surveys & Services

Figure 10: Missouri Studies and State Historic Building Borehole 16
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APPENDIX A-6

b~ e IMNOSSIN ‘'VISWNT0D _ 650519 ‘ON 193rOKd _
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(4ode. jo xpueddy w pepnjour
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R
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Figure 1: Stewart Hall boring plan (Aerial View), prepared by Crockett
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Crockett Geotechnical - Testing Lab

ARARLRK PP

BORING NUMBER B-1

LIMESTONE: Weathered, hard

jer

Sal 3
Bottom of borehole at 52.0 feet.

500 Big Bear Boulevard PAGE 1 OF 1
2 ORNRNYWSSRE U U
Cdumua‘ M065202 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-3981
CLIENT _University of Missouri PROJECT NAME _CP152681 - Stewart Hall Renovation
PROJECT NUMBER _G15059 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _8/10/15 COMPLETED _8/11/15 GROUND ELEVATION 762 ft HOLE SIZE 4"
3| DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
% DRILLING METHOD _4" SSA Y AT TIME OF DRILLING _19.00 ft / Elev 743,00 ft
g LOGGED BY _Friedman CHECKED BY _Lidholm ¥ AT END OF DRILLING _19.00 ft / Elev 743.00 ft
2| NOTES _Borehole backfilled upon completion Y 2hrs AFTER DRILLING _17.00 ft / Elev 745.00 ft
<
3 " | ATTERBERG
& > ~ |3 |a w® IMITS
e MATERIAL DESCRIPTION E% GE| =28 |a_|2 EA g z
iE=|28 wa 26| 822 |[F%|85|EGIRZ|a, |e
ag(%05 ws 132| 052 |GE[CE|28|GT|S|E=|O]
g5 (8" 23 |98| 282 |87 |¢7 5|85 (a5 |25 |58
- 50127 “%|e |5 |B |*8|°7|=7|32
7 z
2 MULCH (6-inches) 76
@l UNDOCUMENTED FILL: Fat clay, dark brown and brown 76008l ST | 5500 14| 16
%. \\\ LEAN TO FAT CLAY: Light brown and gray, trace sand, S1T e
g \\ stiff to hard > | 17 5000 108 | 20
§ | AN \\ --- becomes gray to dark brown
N
] S NN ST
8 10 |\ S | 24 9000|3030 106 | 21
] N N11.0 751.0
B LEAN TO FAT CLAY: Brown and gray, trace sand, trace
g gravel, trace Iigr)ite, occasional sand pockets, very stiff to
il hard (Glacial Drift) . o7 15 9000 15 | 16
£
| ¥
a =
gl -
* 190 7430l ST 5000
I 20 CLAYEY SAND TO SANDY CLAY: Brown and gray, trace I 5 23 93 || 45
2 gravel, very stiff (Glacial Drift)
w
E -
(0]
z| 24.0 738.0 — b
o LEAN TO FAT CLAY: Brown and gray, trace sand, trace X SET| 18 7(173)6 6500 il
@ | gravel, trace lignite, occasional sand pockets, very stiff to
2 hard (Glacial Drift)
=
; SPT 6-10-11 (9000 16
17
g2 74— 1) }— —
w
@
[31s
& |
f i --- becomes dark gray, trace sand and gravel, very stiff to SZT 18 14{%%36 9000 14
g herd
=L 38.0 724.0
o CLAYEY SHALE: Dark gray, trace gravel, very stiff, with ~—1Z000] v
gl 40 occassional cobbles and possible boulders ST |30 45000 17
a
a
2]
g —
ar SPT| 14 | 10-17-22 |6500 16
'g" 10— (39) j! L
I - cobbles and possible boulders from 46.0 to 51.5 feet,
8l possible weathered rock
8 s
g
51.5 7105
ti‘J [V
Y
H
&

Figure 2: Stewart Hall Borehole 1
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SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 8/26/15 16:32 - CASERVER FILES\GEOTECH GENERAL\===PROJECTS===\GEOT PROJECTS\2015\G15059 - CP152681-STEWART HALL- RENOVATION\G15059.GPJ

Crockett Geotechnical - Testing Lab

BORING NUMBER B-2

LIMESTONE: Weathered, hard
T Refusal at 40

ge et
Bottom of borehole at 40.5 feet.

500 Big Bear Boulevard i PAGE 1 OF 1
Cdumha’ MO 65202 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-3981
CLIENT _University of Missouri PROJECT NAME _CP152681 - Stewart Hall Renovation
PROJECT NUMBER _G15059 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _8/10/15 COMPLETED _8/11/15 GROUND ELEVATION 761 ft HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD 4" SSA Y AT TIME OF DRILLING _15.00 ft/ Elev 746.00 ft
LOGGED BY _Friedman CHECKED BY _Licholm ¥ ATEND OF DRILLING _15.00 ft / Elev 746.00 ft
NOTES _Borehole backfilled upon completion Y 1hrs AFTER DRILLING _15.00 ft/ Elev 746.00 ft
" , ‘ ATTERBERG
g Ee |zc| og[B |5 |5 0B
z |g MATERIAL DESCRIPTION FEEE| 225 |2 |2o|EalgE E
E-|EO e |56 Z3 |re(Qec|Eg|Pz o |E
ws5S 4s |82 952 |Ug|CE(3E|BE|S:|EL|S)
S 22 |§8| ®8z 5|2 |z |25|23|33 |52
z g5|935|ez
5 = g |5 |& [¥3|77|=7|3°
0
B TOPSOIL/ ROOT ZONE (12-inches) 760.0
L UNDOCUMENTED FILL: Fat clay, dark brown and brown S1T 273 5000 101 | 22
Lo S| 5000 101 | 23
6.0 755.0
LEAN TO FAT CLAY: Light brown and gray, trace sand,
stiff
l S?,T 14 3500/3020| 105 | 23
1.0 750.0
CLAYEY SAND TO SANDY CLAY: Brown and gray, trace
gravel, stiff to hard (Glacial Drift)
| v l S 9000 119 | 15
945 7420 ST
7 ’o‘ﬁ SAND: Brown, loose to medium dense (Glacial Drift) l 5 2 200011580) 116/| 18
o
G 20T | 58 o 25
W55 |29 | 22" ]
vk
)
flz /400 1320 'SPt 6-10-14 7 |
7 CLAYEY SAND TO SANDY CLAY: Brown and gray, trace 7 1181 "o 7
W&/A gravel, medium dense to very dense (Glacial Drift)
%2, 7 —
it SPT| 15 | 26-4140 5
s 8 — (81) —
7
P %
Vo480 39.0 7220 —— —
400 SHALE: Light brown to whitish gray, hard 7210 SST 18 27(;2)50 12

Figure 3: Stewart Hall Borehole 2
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g Crockett Geotechnical - Testing Lab BORING NUMBER B'2

| 500 Big Bear Boulevard PAGE 1 OF 1

o o

| Columbia, MO 65202 o R R

% Telephone: 573-447-3981

% CLIENT _University of Missouri PROJECT NAME | Memorial Union Vertical Addition!

§ PROJECT NUMBER _G15023 PROJECT LOCATION _Columbia, Missouri

9| DATE STARTED _3/26/15 COMPLETED _3/26/15 GROUND ELEVATION 764 ft HOLE SIZE 4"

g DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:

&| DRILLING METHOD _4" SSA Y AT TIME OF DRILLING 23.00 ft/ Elev 741.00 ft

% LOGGED BY _Friedman CHECKED BY _Lidholm ¥ ATEND OF DRILLING _23.00 ft/ Elev 741.00 ft

<

g NOTES _Borehole backfilled upon completion Y 0.5hrs AFTER DRILLING _23.00 ft / Elev 741.00 ft

& r ATIERBERG

> a 5 ~ | |la e LIMITS

= W <

SIS %0 MATERIAL DESCRIPTION FEOIEE| 228 CLA%,\E,\ % NE

Sleg|zo w2 122| 552 |LE|CE|Z28|BE|2=(BL|Cx

SENER g5 (93| 232|877 7|25 (|32 |22 |58
< o | - =

3 5 |* 2 |5 |B |28|="|27|3=

< o

5 MULCH (6-inches) ~163.5]

ol UNDOCUMENTD FILL: Fat clay, dark brown and brown, ST | 47 5000 105 | 22

5] trace gravel, trace rust stains 1

g Sl 4500(2940| 91 | 32

2+ 757.5

é LEAN TO FAT CLAY: Light brown and gray, trace sand,

oF very stiff ST T

2 l 53 | 24 5500 104 | 22

3 bl

g ? 753.0

5L /};i,f{ LEAN TO FAT CLAY: Brown and gray, trace sand and

o :;;I//‘Q gravel, trace lignite, possible cobbles, occassional sand

7 %, kets, Stiff t stiff (Glacial Drift

i '?a/'fé pockets, stf to very stiff (Glacial Drift) l A 7500 109| 18 | 43 | 14 | 20

0 7 —

e ke —

i &,:j;g I | 4500 10| 16 | 33 | 15 | 18

I — —

2 e 7410

o Z -

of g5 CLAYEY SAND TO A SANDY CLAY: Brown and gray, ST

§ f?é:ﬁ trace gravel, possible cobbles, stiff when clayey (Glacial 6 2 4000 108 18 95 [ 34 |21

o| V’I,fﬁ Drift) |

i )

=

8 % ST

g Z@f’é 7 | 15 3500| 660 | 112 | 18

3 % 7330 SPT| 18 | 5597 (9000 —

o P LEAN TO FAT CLAY: Dark gray and brown, trace gravel, 8 —— (19 +—— —

T :;;a’;'; possible cobbles, hard (Glacial Drift)

S 7% =

al B SPT| 18 | 13-17-23 |g000 12

g i) 9 |21 o £ | 12|

S| Z 728.0

B WEATHERED SHALE: Light gray to gray, with gravel,

E | cobbles, and possible boulders, very stiff

< SPT|_7 )} 12-50/1" 9000, 16

z 10

w

]

ol

-

2]

i 7193)X|SPT| 6 | 27-22- 19000 20

o Bottom of borehole at 44.7 feet. L1\ 502"

2

4

=

z

Q

=

]

=

o

=

&

Figure 4: Stewart Hall Borehole 2’ (From Memorial Union Vertical Addition Project)
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APPENDIX A-7

=y

_ 4
-

s

w<~¢ | BORING LOCATION PLAN

CP210041 - MUHC EAST PAVILION

PROJECT NO-: G20589 COLUMBIA, MISSOURI

Figure 1: MUHC East Pavilion boring plan (Aerial View), prepared by Crockett
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Crockett GTL

1000 W Nifong Blvd. Bldg. #1
Columbia, MO 65203
Telephone: 573-447-0292

D RWEPPP
ORYWOHRNGE U

GEOTECHNICAL - TESTING LAB

BORING NUMBER B-1

PAGE 1 OF 1

CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP210041 - MUHC East Pavilion
PROJECT NUMBER _G20589 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/29/20 COMPLETED _10/29/20 GROUND ELEVATION _752 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA & NQ2 Diamond Bit & Rotary Wash AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Lidholm CHECKED BY _Grimm AT END OF DRILLING —- Not meaningful due to coring
NOTES Borehole backfilled upon completion AFTER DRILLING _—- Not meaningful due to coring
i g - ATTERBERG
o > ~ [E | M LIMITS
S MATERIAL DESCRIPTION g |BE| =RY |5 |2 ,% & >
F~|To = ;Z—l oc|QelEc(2Z o
ag|&o Ul 132| 052 (¢g|0g|Z8|LE|e|F|o
5|39 23 (85| 235 |E&|58|58|2E|35(55(28
[0} =Z (w4 oz % = > Zg: S|z
5 " g |5 |8 [®8|77|=7|3®
o
= TOPSOIL (6-inches) I I
& UNDOCUMENTED FILL: Clay, brown and light brown, ST 1o 3400 12
% | with gravel to gravelly ST 15 3000 16| 16
5 —
3 7450
§‘ - LEAN TO FAT CLAY: Brown and gray, with sand to
=z sandy, trace fine gravel, trace rust stains (glacial drift) 33T 18 4500(3385| 110 | 20
= | = |
2
wi
2
| S — trace sand S4T 22 5500|4850| 107 | 22
,§_ - He\ve
at ANC- 5
9. 20 --- with gravel to gravelly zones SPT| 17 746 7000 20 |
2 g 5 (10 | ]
| NGRS
2 )
gL S SPT[ 17 | 3531 |6200 [ 19 |
2l K 6 (36 | —
[o] S |\ ;
g 30 \ --: occasional gravelly zones SPT| 17 | 513-17 |8000 ™15 |
s} 7 [ B0 [ |
ol :
n il 33.0 719.0'
A CLAYEY SHALE: Gray SPT| 18 | 2-14-25 12000 [ 13|
I 8 (39)
=B 37.0 715.0
gL SEVERELY WEATHERED SHALE: Gray, brittle, friable
i L N30 ST | 450" 7
1| 40 B LIMESTONE WITH SHALE: Gray, interbedded (shale 9 4
==i) washes away during coring) RC| 12
- . RQD = 0% 0
==L 707.3
| i LIMESTONE: Gray to whitish gray, occassional RC
weathered zones, occasional shale partings 11 | 38
B <} RQD =38%
50
i gg RQD = 52%_699.9 ng 58
\__ SHALE: Gray

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:37 - V:\

/_ma.m

LIMESTONE: Gray to whitish gray

Refusal at 39.0 feet.
Bottom of borehole at 54.0 feet.

Figure 2: MUHC Borehole 1
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Crockett GTL

1000 W Nifong Blvd. Bldg. #1
Columbia, MO 65203
Telephone: 573-447-0292

CLIENT _University of Missouri -

ALRARAW PP
PORYWOHSRNE U U

GEOTECHNICAL - TESTING LAB

Campus Facilities

BORING NUMBER B-2

PROJECT NAME _CP210041 - MUHC East Pavilion

PAGE 1 OF 1

PROJECT NUMBER _G20589

PROJECT LOCATION _Columbia, Missouri

DATE STARTED _10/22/20

DRILLING CONTRACTOR _IPES

COMPLETED _10/23/20

GROUND WATER LEVELS:

DRILLING METHOD 4" SSA & NQ2 Diamond Bit & Rotary Wash

GROUND ELEVATION _750 ft MSL

AT TIME OF DRILLING _—- Not Encountered

HOLE SIZE 4"

LOGGED BY Lidholm CHECKED BY _Grimm AT END OF DRILLING —- Not meaningful due to coring
NOTES _Borehole backfilled upon completion AFTER DRILLING _—- Not meaningful due to coring
i o : ATTERBERG
o > =~ |E | ms LIMITS
z |8 MATERIAL DESCRIPTION e |EE| 228 |2 |2 % ~I5E r
E_|To 51 32 |8=|Qe|Eg|RE o
aE2(dd wa (>0 OZ< ¥&|0OG|ZC |~ Q=5
L=ig= 2z |3z| 235 |E8|58|58|2E 35|55 (28
a w oz|g=2|«2 |52
o =Z (W4 oz z |z = 0=
3% |k NN EEEIE
0 a o
=107Z_~_ TOPSOIL (8-inches) |
E ] SANDY CLAY: Brown, trace gray, trace fine gravel, S1T 15 6200 14|17
| trace rust stains (glacial drift) ST | 21 5000/ 1570 116 | 17
L . 744.0; 2 |
% LEAN TO FAT CLAY: Brown and gray, trace sand and
- <+ fine gravel, trace rust stains (glacial drift)
10 % S3T 19 7400(3850( 104 | 25
S N ST| 18 5000[4305| 107 | 21
B 733.0!
- CLAYEY SAND: Brown, trace gravel (glacial drift) — L—
55T 20 2600 1
729.0]
L 4N LEAN TO FAT CLAY: Brown and gray, trace sand and
e R fine gravel, trace rust stains (glacial drift)
| EAO SPT| 18 | 58-33 {12000 13
L .\[2%60 7240\ 6 [ |_(41) [ | —
270 BOULDER or DENSE COBBLES 7230
LEAN TO FAT CLAY: Brown and gray, trace sand and —
fine gravel, trace rust stains (glacial drift) S$T 16 8(1;[;)22 11000 13
717.0!
SEVERELY WEATHERED SHALE: Gray, brittle, friable SPT| 18 [ 11-23-19 2000 ETH
8 [ (42 [~ —
SPT| 18 | 36-50-18 12000 9 |
9 (68)
SPT| 15 | 420-15 12000 11 |
10 [~ (35 [ i
P OSISPT| 16 | 11-50/4" |4000 7
SHALE: Gray, hard 700.0 " = S |
B WEATHERED CHERTY LIMESTONE: Gray and dark
lsae 9 696.4
r 1o CHERTY LIMESTONE: Gray and dark gray, fractured SET 4 50/1"__A3500 |27
- 1ol RQD =7% RC | 29
S e X 691.4f § 13
60 =T LIMESTONE WITH SHALE: Gray and dark gray,
| occasional chert and shaley zones (shale washes away RC 25
L = during coring) 14
—11636 RQD =0%_ 6864

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:37 - V:\===PROJECTS===\GEOT PROJECTS\2020\G20589 - CP210041-MUHC EAST PAVILION\G20589.GPJ

Refusal at 53.6 feet.
Bottom of borehole at 63.6 feet.

Figure 3: MUHC Borehole 2
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SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:37 - V:\===PROJECTS===\GEOT PROJECTS\2020\G20589 - CP210041-MUHC EAST PAVILION\G20589.GPJ

Crockett GTL BORING NUMBER B-3
1000 W Nifong Blvd. Bldg. #1 @%02@%5?? PAGE 1 OF 1
CO'Umbia, MO 65203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP210041 - MUHC East Pavilion
PROJECT NUMBER _G20589 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/30/20 COMPLETED _10/30/20 GROUND ELEVATION _749 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA & NQ2 Diamond Bit & Rotary Wash AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Lidholm CHECKED BY _Grimm AT END OF DRILLING _—- Not meaningful due to coring
NOTES Borehole backfilled upon completion AFTER DRILLING —- Not meaningful due to coring
& - | ATTERBERG
b > BRI N wE IMITS
z (8 MATERIAL DESCRIPTION FEO|EE| 228 2|22 % ~I5E r
F~|TO o |S Zo |6e|Qe|Ex|RP= o |(E
e lad w Q| 05z mmong_l—mg,_—,_om
4= g £3 |88 233 |Ee|c®[D8(2E|35|6E|EY
[ Sz (wa| oz |¥ |1Z % 5|25(95|e2
s |= g (5 8 |78|7 =737
0
106~ TOPSOIL (7-inches) —
K e 30 SANDY CLAY: Brown, trace gray, trace fine gravel, 9000 122 | 13
e \__trace rust stains (glacial drift) 750015850 120 | 14
r SR LEAN TO FAT CLAY: Brown and gray, trace sand and
- 1= i fine gravel, trace rust stains (glacial drift)
i 4600/4195| 111 | 18
I N 4000/6540(1110| 21
- occasional sandy zones 5000(4880| 116 | 16 | 30 | 11 | 19
L SPT| 12 | 9-14-16 |8400 [ 13 |
6 [~ (30) 1 =
B 722.0
£ CLAYEY SHALE: Gray
SPT| 17 | 8-14-25 {12000 11
7 1 (39 [ T
B 716.0
L SEVERELY WEATHERED TO WEATHERED SHALE: SPT| 18 | 7-22-27 12000 12 |
Gray, brittle, friable 8 (49 [ ST
SPT| 15 | 2-15-42 |9600 |11 |
9 (57)
B S1F(’)T 16 _|5-27-50/5"[12000 10
SPT| 18 | 2-17-46 [3000 12
11 (63 [ 1
i 695.4
B LIMESTONE WITH SHALE: Gray and dark gray, SPTH 1 50/1" 8
B occasional chert and shaley zones (shale washes away 12 5
during coring) RC
L RQD = 0% 6904f | 13
NOTE: The diamond bit broke apart in the borehole
during the first core run. The borehole had to be
abandoned because of this.
Refusal at 53.6 feet.
Bottom of borehole at 58.6 feet.

Figure 4: MUHC Borehole 3
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BORING NUMBER B-4

PROJECTS===\GEOT PROJECTS\2020\G20589 - CP210041-MUHC EAST PAVILION\G20589.GPJ

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:37 - V:\=;

Crockett GTL
1000 W Nifong Bivd. Bldg. #1 ARDOEARAVWEPP PAGE 1 OF 1
C°|umbia’ MO 65203 GEOTECHﬁCAl = TESTING LABU
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME CP210041 - MUHC East Pavilion
PROJECT NUMBER _G20589 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/25/20 COMPLETED _10/31/20 GROUND ELEVATION _746 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA & NQ2 Diamond Bit & Rotary Wash AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Lidholm CHECKED BY _Grimm AT END OF DRILLING _—- Not Encountered
NOTES _Borehole backfilled upon completion 3hrs AFTER DRILLING _-—- Not Encountered
i o . o ATTERBERG
o S —~ ¥ | W LIMITS
= (8 MATERIAL DESCRIPTION cE|BE| 228 |2 |2 5 2 >
= I = Solc|lEe|D 1)
aE ey wa | 20| 522 2|10%|Z2Z5|FE|le- |25
L=|29 23 35| 235 [E&(58|58|2B|35(55(28
0] =Z |Wa Oé = Z > 2893 5: 02
R g | g o|7 7 |= ; =
0
. CONCRETE (8-inches) —
5 \__GRAVEL (4-inches) / S1T 13 7500 118 | 12
+ SANDY CLAY: Light brown and brown, trace gray, ST | 24 8500/3015/ 120 | 14
trace fine gravel, trace rust stains (glacial drift) 2 —
739.0
| - LEAN TO FAT CLAY: Brown and gray, trace sand and
0 X fine gravel, trace rust stains (glacial drift) 53T 24 5600|3935( 102 | 23
I e ‘e
S S4T 24 5000(4130 109 | 21
20 - with sand to sandy zones 35T 24 2800|2660 107 | 21 | 41 [ 12 | 29
210 SeT 15 12000 11
WEATHERED SHALE: Gray
SPT| 18 | 16-45-49 |7000 11
715.0 7 (94)
BOULDER or DENSE COBBLES: Possible weathered 7130
rock -
LIMESTONE WITH SHALE: Gray, interbedded (shale RC 21
washes away during coring) 70980 § 8
RQD = 26% 7078
LIMESTONE: Gray to whitish gray 706.6 RC | 5
RQD = 55% 9
SHALE: Gray to light gray, limey zones / 703.9
LIMESTONE: Gray to whitish gray m— 33 32

LIMESTONE WITH SHALE: Gray, interbedded
RQD =799

Refusal at 33.0 feet.
Bottom of borehole at 44.0 feet.

Figure 5: MUHC Borehole 4
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\GEOT PROJECTS\12020\G20589 - CP210041-MUHC EAST PAVILION\G20589.GPJ

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:37 - V:\===PROJECTS=

Crockett GTL
1000 W Nifong Blvd. Bldg. #1
Columbia, MO 65203

BORING NUMBER B-5

APARAARVECTPT
ﬁW TR U U RAGE 1/0F1

GEOTECHNICAL - TESTING LAB

Telephone: 573-447-0292

CLIENT _University of Missouri - Campus Facilities
PROJECT NUMBER _G20589

PROJECT NAME _CP210041 - MUHC East Pavilion

PROJECT LOCATION _Columbia, Missouri

DATE STARTED _10/25/20 COMPLETED _10/25/20 GROUND ELEVATION 747 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA & NQ2 Diamond Bit & Rotary Wash AT TIME OF DRILLING _--- Not Encountered
LOGGED BY _Lidholm CHECKED BY _Grimm AT END OF DRILLING —- Not meaningful due to coring
NOTES Borehole backfilled upon completion AFTER DRILLING —- Not meaningful due to coring
i o . o ATTERBERG
a > —~ | | W LIMITS
= %0 MATERIAL DESCRIPTION FEOIEE| 225 gﬁgAEAg._ NE
5|0 4E 132| 032 |£8|9Z|38|GE (3 |FL |0k
o o> (OoW| @ LT|gT =T |ez|a2|%2|Fa
0] =Z |Ww4d oz |z = > 25|85 5: 02
& & g = & o|77|& é =
0
\giﬂ CONCRETE (8-inches) —
- | GRAVEL (3-inches) / ST 6000 115 | 16
|> SANDY CLAY: Brown, trace gray, trace fine gravel, ST | 23 3600/2080| 116 | 16
i 60 trace rust stains (glacial drift) 741.0 2 —
. LEAN TO FAT CLAY: Brown and gray, trace sand and
- <£ fine gravel, trace rust stains (glacial drift)
10 [N 53T 23 9000|7495| 113 | 19
+ > S4T 24 6400(4430| 109 | 19
20 [P 55T 24 4800(1640| 114 | 17 | 30 | 12 | 18
P\ a0 7230 —
; SEVERELY WEATHERED TO WEATHERED SHALE: A 1852)8 18000 [ 17 |
Gray, brittle, friable
SPT| 17 | 13-36- {12000 12 |
7 50/5"
SPT| 16 |26-4546 12000 15
8 () [ T
SPT) 7 4 49-50/1" 47600, 13
9
72143.5 703.5
SHALE: Gray, hard SF(’)T 1 |__50/1"_ 020! WEN
1
— 699.5
] CHERTY LIMESTONE: Gray and dark gray, fractured
= Re
T RQD = 11% 1|21
o= B
LIMESTONE: Gray to whitish gray 6934
= =
— RQD =28% RC 40
= LIMESTONE WITH SHALE: Gray, interbedded, 12
| %E occasional chert (shale washes away during coring)
60 =T RQD = 6% RC
== 13 29
| = =]
==1162.5 684.5

Refusal at 47.5 feet.
Bottom of borehole at 62.5 feet.

Figure 6: MUHC Borehole 5
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BORING NUMBER B-6

Crockett GTL
1000 W Nifong Bivd. Bldg. #1 @%@5@%5?’? PAGE 1 OF 1
Co"'lmbia' MO 65203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME CP210041 - MUHC East Pavilion
PROJECT NUMBER _G20589 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/25/20 COMPLETED _10/31/20 GROUND ELEVATION _744 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA & NQ2 Diamond Bit & Rotary Wash AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Lidholm CHECKED BY _Grimm AT END OF DRILLING _—- Not Encountered
NOTES _Borehole backfilled upon completion 2.5hrs AFTER DRILLING _—- Not Encountered
i o ; ATTERBERG
o 5 - E a S IMITS
z |8 MATERIAL DESCRIPTION rE|EE| 228 |2 |2 E ~|5E &
E_|To 2 Y5 2E2 [Be|Qeleg(RE o |E
58159 J43 |52| 532 [28|58|38|BE|S|5L |0k
o a> (O] @ LT[ 7 o5 |a2|%2|FEa
0] Sz |O- Oz 2 |= s |<5|az
2= |2 z |5 & [28]5°[27 |42
0 a o
108 ~ CONCRETE (9.5-inches) —
= 30 SANDY CLAY: Brown, trace gray, trace fine gravel, 2000 15| 17
- trace rust stains (glacial drift) 2400|2030 108 | 19
SN LEAN TO FAT CLAY: Brown and gray, trace sand and
- N fine gravel, trace rust stains (glacial drift)
10 & "‘ - gray 6800/4880| 103 | 24
- 4A\Ce 8000(6305| 111 | 18 | 33 | 12 | 21
20 A --- with sand zones SPT| 18 247 5400 18 |
\ 5 (1) 1 1
240 720.0 —
SEVERELY WEATHERED SHALE: Gray, brittie, friable SELL 18| 2247 12000 L7
30 SPT| 18 20-34- 12000 8
7 50/5"
B 3.0 711.0
L J WEATHERED CHERTY LIMESTONE: Gray and dark
gray, fractured
B 37.0 707.0
- CHERTY LIMESTONE: Gray and dark gray, fractured
40 [—o RC 1 2
RQD = 16% 8
E 701.2
| =5 LIMESTONE WITH SHALE: Gray, interbedded, RC
== occasional chert (shale washes away during coring) 9 42
- == RQD =30%
i = RC
50 S RQD =81% C | 55
===1518 692.2

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:37 - V:\===PROJECTS===\GEOT PROJECTS\2020\G20589 - CP210041-MUHC EAST PAVILION\G20589.GPJ

Refusal at 33.0 feet.
Bottom of borehole at 51.8 feet

Figure 7: MUHC Borehole 6
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Crockett GTL

1000 W Nifong Blvd. Bldg. #1
Columbia, MO 65203

Telephone: 573-447-0292

CLIENT _University of Missouri - Campus Facilities
PROJECT NUMBER _G20589
DATE STARTED _11/15/20
DRILLING CONTRACTOR _IPES
DRILLING METHOD _4" SSA & NQ2 Diamond Bit & Rotary Wash
LOGGED BY _Lidholm

COMPLETED _11/15/20

CHECKED BY _Grimm

Rﬁﬁ%@ﬂ&@??
PO RYVWORNRGE 0
GEOTECHNICAL - TESTING LAB

BORING NUMBER B-7

PAGE 1 OF 1

PROJECT NAME _CP210041 - MUHC East Pavilion

PROJECT LOCATION _Columbia, Missouri

GROUND ELEVATION _746 ft MSL HOLE SIZE 4"
GROUND WATER LEVELS:
Y AT TIME OF DRILLING _22.00 ft/ Elev 724.00 ft
AT END OF DRILLING —- Not meaningful due to coring

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:37 - V:\===PROJECTS===\GEOT PROJECTS\2020\G20589 - CP210041-MUHC EAST PAVILION\G20589.GPJ

NOTES Borehole backfilled upon completion AFTER DRILLING —- Not meaningful due to coring
i o . o ATTERBERG
o > - E A’ we LIMITS
=z |2 MATERIAL DESCRIPTION FEO|EE| 228 [2_|2 E =5 E
= wa |56| 222 |8%I18%|EGIRza. |0 |&
HE |39 2= |8z| 235 |E&[J8|58|2E|S5|55|08
=] w| o oo oz |32|22|Fo
z Sz |w=| oz |¥ |2 [z 35|35 |2z
5 |F g |5 |& |87 =737
0 o
TOPSOIL (6-inches) N\I45.5) - -
- UNDOCUMENTED FILL: Gravel and dlay, brown e 4200
L LEAN TO FAT CLAY: Brown, trace gray, trace to with ST |14 70001 1030|106 | 22"
B sand and gravel (glacial drift) 1B —
B ™N- ST
B SRS 2
10 P\ --- becomes sandy, occasional clayey sand zones ST | 24 4500(1695| 116 | 13
. 3 —
- X ," - zones of fat clay S4T 20 4000|4155 102 | 24
55T 24 116008180( 115 | 17 | 34 | 13 | 21
L --: trace to with sand and silt SPT| 10 | 1-10-11 |3000 19 |
- 6 M (@) —
i --: trace to with sand and gravel SPT| 17 3510 |6600 17 |
7 (5 —
B 713.0!
- CLAYEY SHALE to SEVERELY WEATHERED 2 a |
SHALE: Gray, softens when wet SgT | 17 | 15%/257~ [7200] | 18 |
I 070 ST 6 ) 50/3_ }5000 16
WEATHERED CHERTY LIMESTONE: Gray and dark 9 |16
gray, fractured, with mineralization, occasional shale RC | 14
E seams from 39'- 41.5' 10
s RQD = 0%
] RQD =0% P 2
B K 49.0 697.0
50 LIMESTONE: Gray to whitish gray, fractured, poor RC
recovery 12 26
I 53.0 RQD =0% g93.0

Refusal at 39.0 feet.
Bottom of borehole at 53.0 feet.

Figure 8: MUHC Borehole 7
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Crockett GTL

1000 W Nifong Blvd. Bldg. #1
Columbia, MO 65203
Telephone: 573-447-0292

] o))

CLIENT _University of Missouri - Campus Facilities
PROJECT NUMBER _G20589
DATE STARTED _11/8/20
DRILLING CONTRACTOR _IPES
DRILLING METHOD _4" SSA & NQ2 Diamond Bit & Rotary Wash
LOGGED BY _Lidholm CHECKED BY _Grimm
NOTES Borehole backfilled upon completion

COMPLETED _11/15/20

BORING NUMBER B-8

AP PAGE 1 OF 1

0

GEOTECHNICAL - TESTING LAB

PROJECT NAME _CP210041 - MUHC East Pavilion
PROJECT LOCATION _Columbia, Missouri
GROUND ELEVATION _745 ft MSL HOLE SIZE 4"
GROUND WATER LEVELS:
Y AT TIME OF DRILLING _25.00 ft/ Elev 720.00 ft
AT END OF DRILLING —- Not meaningful due to coring

150

AFTER DRILLING —- Not meaningful due to coring
o ATTERBERG
w W ‘ E 9 IMITS
o > ~ |= o wes —
z |8 MATERIAL DESCRIPTION ch|EE| 228 5|2 |E_|%E x
E_|To a |Y5| 252 |S<¢|8<|Eg|2E o |E
a2|%9 4s |182| 952 (2 g(CE|Z8|hET|2|FE|CxK
w=(s3 a5 |o0d| @22 |5T|le~I27|5E |33 @S |EA
(0] =Z |w4 oz g z E g% g5(g5|ez
s = g |° |5 o] i [ i
0 o
2 =20 CONCRETE (6-inches) —
o TN\ \__GRAVEL (4-inches) / 14 6200 13| 18
iy B LEAN TO FAT CLAY: Brown and gray, trace sand and 18 5400(3190| 105 | 22
3 A fine gravel, trace rust stains (glacial drift) —
g» o \¢o
5 -
st o \vo
= 10 A 18 7400|3760| 108 | 22
= e —
2 >
wl Je\ve
e >
Els N 19 6400(7560| 110 | 20
,é__ PN
at =47\
i 20 \ 19 6200(6445| 107 | 17 | 36 | 13 | 23
2
gl N
-
g 224.0 . i 721.0 |
St %0 - bdeoomes gravelly to clayey gravel, with sand to 7500 SPT| 12 |9-19-50/3" 13
'% sandy —=== 6 T
al \__BOULDER or DENSE COBBLES /
§ - 285 SEVERELY WEATHERED SHALE: Gray, with gravel 716.5,
al 30 :?: to gravelly
2 > CHERTY LIMESTONE: Gray and dark gray, fractured RC |
oL T RQD =7% 8
i o |35 7115
ﬁ B 7 LIMESTONE: Gray to whitish gray
el I RQD =80% RC | o
é 9
at . 385 706.5
I Refusal at 28.5 feet.
> Bottom of borehole at 38.5 feet.
5
3
(=3
g
[l
3
=
5
o
=
=
Q
=
=
u
3
&
o
&
o
=
[0}
=z
=)
w
5
Figure 9: MUHC Borehole 8




Crockett GTL BORING NUMBER B-9

1000 W Nifong Blvd. Bldg. #1 10 PAGE 1 OF 1
COIumbla‘ MO 65203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME CP210041 - MUHC East Pavilion
PROJECT NUMBER _G20589 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _11/1/20 COMPLETED _11/1/20 GROUND ELEVATION _744 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA & NQ2 Diamond Bit & Rotary Wash AT TIME OF DRILLING _--- Not Encountered
LOGGED BY Lidholm CHECKED BY Grimm AT END OF DRILLING _-- Not meaningful due to coring
NOTES _Borehole backfilled upon completion AFTER DRILLING —- Not meaningful due to coring
@ v ATTERBERG
o > P we LIMITS
z |8 MATERIAL DESCRIPTION FEO|EE| 228 [2_[2- % ~I5E =
fela8 wo 20| 822 |8%I13%|55|R=zla_|o._|E
4€(%S z= 37| 235 |E&|8[58|ek |55 (55|28
(=] w ] oz|o= = =0
G} ==z |W4 oz |z |2 (% E5|95 |2z
5 |® @ |5 &8 [®8|77|=7|3%
0 a
104 "\ CONCRETE (5-inches) |
B LEAN TO FAT CLAY: Brown and gray, trace sand and 4000 108 | 21
| fine gravel, trace rust stains (glacial drift)
> --: trace to with sand 2500)2325| 113 | 18
10 N 7500(4350/ 109 | 21

7600|8475/ 116 | 17 | 39 | 14 | 25

CLAYEY SAND: Brown, trace to with gravel (glacial
drift) 3500(3205| 111 | 20

T

X LEAN TO FAT CLAY: Brown and gray, trace to with
I\ sand, trace gravel, trace rust stains (glacial drift)

- - with coal stains K 7 |
c x5 71&53 SST 12 1%(222)5 3800 17
SEVERELY WEATHERED SHALE: Gray, brittle, friable

30 SPT| 14 | 12-35- (8500 13
7 50/5"

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:37 - V:\===PROJECTS===\GEOT PROJECTS\2020\G20589 - CP210041-MUHC EAST PAVILION\G20589.GPJ

- SPT| 18 | 32-50/5" 9000 8
8
20 SST 18 ) 32-50/3" |8000, 6
699.8 - ——1
- SPT| 11 | 2-50/3 7
SHALE: Gray, hard 10 —
6944 SPT|_1 50/1" 6 |
LIMESTONE: Gray to whitish gray 111 a4
. RQD = 58% RC
I e
r RC
L RQD =71% 13 | 58
o 586 RQD = 83%98540 | RC | 10
Refusal at 48.6 feet. L4 J

Bottom of borehole at 58.6 feet.

Figure 10: MUHC Borehole 9
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BORING NUMBER B-10

Crockett GTL
1000 W Nifong Bivd. Bldg. #1 ARARARAVWESPTP
Columbia,lhcjlrgBSZOS ’ ORWVWOSRGE U 0 PAGE 1 OF 1

GEOTECHNICAL - TESTING LAB

Telephone: 573-447-0292

CLIENT _University of Missouri - Campus Facilities

PROJECT NAME _CP210041 - MUHC East Pavilion

PROJECT NUMBER _G20589

PROJECT LOCATION _Columbia, Missouri

DATE STARTED _11/7/20 COMPLETED _11/7/20
DRILLING CONTRACTOR _IPES

GROUND ELEVATION 745 ft MSL HOLE SIZE 4"
GROUND WATER LEVELS:

DRILLING METHOD _4" SSA & NQ2 Diamond Bit & Rotary Wash

Y AT TIME OF DRILLING _22.00 ft/ Elev 723.00 ft

LOGGED BY _Lidholm CHECKED BY _Grimm
NOTES Borehole backfilled upon completion

AT END OF DRILLING —- Not meaningful due to coring
AFTER DRILLING —- Not meaningful due to coring

i o Bl ATTERBERG
a > P W LIMITS
= =z MATERIAL DESCRIPTION FEO|EE| 225 2|22 E ~|%E =
eelzd wo 20| 323 2%|88|5€|Ba e |2 |5
ke 25 (83| 233 |EE|o8(38 22|55 o (28
2 i oZ|32 |22 |Fa
(0] =Z (W= oz > €] 1%
35127 =g |5 |& |=8|7°|="|22
0 a a
tgfl:ﬂ CONCRETE (6-inches) —
B \__GRAVEL (3-inches) / 15 5000 110 | 19
- LEAN TO FAT CLAY: Brown and gray, trace sand and 12 5600 110 | 19
3 fine gravel, trace rust stains (glacial drift) — —
- e N --- occasional sandy zones
10 - 21 3000(2260| 105 | 22
B [ 19 7200(5995| 112 | 18
y 728.0
SANDY CLAY: Gray, trace brown, trace fine gravel, — I—
trace rust stains (glacial drift) SST 22 2600 12
= 722.0
CLAYEY SAND: Brown, trace to with gravel SPT| 18 756 1_8
L 6 (11)
716.5
SHALEY FAT CLAY: Gray, trace to with gravel, SPT| 11 | 15-25-30 10000 12
occasional possible cobbles and boulders 7 (55)
L
387 7113 -
B [ CHERTY LIMESTONE: Gray and light gray, occasional SPT\ 2 50/2 12
B 3 shale, fractured 8 36
RQD = 37% RC
- o |8 7063 | ©
40 WEATHERED SHALE: Gray (washed away during
coring) RC 5
- RQD =0% 10
433 701.7
- B LIMESTONE: Gray to whitish gray, trace shale
= - RQD =71% RC 59
1
- = 48.7 696.3§

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:37 - V:\===PROJECTS=

Refusal at 33.7 feet.
Bottom of borehole at 48.7 feet.

Figure 11: MUHC Borehole 10
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Crockett GTL BORING NUMBER B-11
1000 W Nifong Bivd. Bldg. #1 @%OS@%E?%P PAGE 1 OF 1
COIumbia' MO 65203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP210041 - MUHC East Pavilion
PROJECT NUMBER _G20589 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/24/20 COMPLETED _10/24/20 GROUND ELEVATION 743.5ftMSL  HOLE SIZE _4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA & NQ2 Diamond Bit & Rotary Wash l AT TIME OF DRILLING _20.00 ft/ Elev 723.50 ft
LOGGED BY _Lidholm CHECKED BY _Grimm AT END OF DRILLING _—- Not meaningful due to coring
NOTES Borehole backfilled upon completion AFTER DRILLING —- Not meaningful due to coring
& - | ATTERBERG
8 > BRI PN M IMITS
r |2 MATERIAL DESCRIPTION cE|EE| =28 |E |2 %A e r
F~|TO o |55 2E3 |8<|0c|Es|2E o
e lad w Oo<mmowzghmg._—._6
S £3 83| 235 |Ee|c®|D%|2E|35|6s of
g Sz (ma| "oz |2 |z |3 |28|S3|35 |02
& & g > % ol 7| é =
0
x “10Z_~_ CONCRETE (8-inches) —
- VZZX5-\" GRAVEL (10-inches), with sand 6000 11| 18
NN FAT CLAY: Grayish brown and gray, trace to with sand 2500(4445| 107 | 22
r SR (possible undocumented fill)
B e Nee LEAN TO FAT CLAY: Brown and gray, trace sand and
. fine gravel, trace rust stains (glacial drift)
7000(4105| 107 | 22
o 9600|7660| 118 | 17
| CLAYEY SAND: Brown, trace gravel (glacial drift)
. LEAN TO FAT CLAY: Brown and gray, trace sand and
- 22 fine gravel, trace rust stains (glacial drift)
20 b\ v ST | 20 9000(4745| 113 | 18
. i 5 |
- SPT| 12 | 79-13 [8000 16 |
| B\ 6 [ ]2 [ | 1
| BN P 7155
30 CLAYEY SHALE: Light brown and light gray SPT| 17 | 13-21-27 h2000 ™15 |
7 48 [ T
K 35.0 7085, SPT| 6 50/1" 48600 13
L v WEATHERED CHERTY LIMESTONE: Gray and dark 8
% gray, with shale
40 40.0 703.5
== LIMESTONE WITH SHALE: Gray and dark gray,
- == occasional chert and shaley zones (shale washes away RC 17
= during coring) 9
E = g
== RQD =6% g409
— SHALE: Gray B RC 5
| — RQD =7% 6945 10
LIMESTONE: Gray to whitish gray, occassional
weathered zones, occasional shale partings RC
i RQD = 56% 11 | 60
B 56.0 688.5
Refusal at 40.0 feet.
Bottom of borehole at 55.0 feet.

Figure 12: MUHC Borehole 11
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Crockett GTL

1000 W Nifong Blvd. Bldg. #1

Columbia, MO 65203

Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities
PROJECT NUMBER _G20589
DATE STARTED _11/2/20
DRILLING CONTRACTOR _IPES
DRILLING METHOD _4" SSA & NQ2 Diamond Bit & Rotary Wash
LOGGED BY _Lidholm CHECKED BY _Grimm
NOTES _Borehole backfilled upon completion

COMPLETED _11/2/20

GEOTECHNICAL - TESTING

BORING NUMBER B-12

AWERPP
CSRET T PAGE 1 OF 1

AB

PROJECT NAME _CP210041 - MUHC East Pavilion
PROJECT LOCATION _Columbia, Missouri

GROUND ELEVATION _742 ft MSL HOLE SIZE 4"
GROUND WATER LEVELS:

AT TIME OF DRILLING _—- Not Encountered

AT END OF DRILLING —- Not meaningful due to coring

AFTER DRILLING —- Not meaningful due to coring

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:38 - V:\===PROJECTS===\GEOT PROJECTS\2020\G20589 - CP210041-MUHC EAST PAVILION\G20589.GPJ

i o o ATTERBERG
u s _w | W LIMITS
= <
z 2 5 MATERIAL DESCRIPTION cTOEE| 228 |Z_|E E Py |- o |E
] wo (20| 332 [2%|0G|28|Fd|e-|R|G
b= |33 z= |88| 235 |Fe Ge Dvgl— S5|hs ,:g
[ SZ |L-| oz |2 |z |3 |23|25|85|e2
& & g > s o7 |& é =
TOPSOIL (6-inches) 1
B UNDOCUMENTED FILL: Gravelly clay fill, gray, with 9000 17| 1
L root hairs 7500 114 | 12
UNDOCUMENTED FILL: Clay, brown —
I LEAN TO FAT CLAY: Brown and gray, trace sand and 820017620 112 | 19
fine gravel, trace rust stains (glacial drift)
Foo4ON 4000(2925| 111 | 18
20 P ," --: with shaley zones, possible cobbles and boulders SET 13 5(25?1' )23 10400 | 14 |
B TN 230 719.0
F BOULDER or DENSE COBBLES: some clayey zones SPT| 10 | 39-15- |5400 4 |
L 6 50/3"
2715 714.5
B = LIMESTONE WITH SHALE: Gray and dark gray, RC
30 == occasional chert and shaley zones (shale washes away 7 8
2 during coring)
L = RQD =0%
= RC
B E= RQD =0% 8 9
o ===136.5 705.5
LIMESTONE: Gray to whitish gray
I T RC
40 RQD =77% 9 | o7
M5 700.5

Refusal at 27.5 feet.
Bottom of borehole at 41.5 feet.

Figure 13: MUH

C Borehole 12
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Crockett GTL BORING NUMBER B-13

1000 W Nifong Blvd. Bldg. #1 @%gaﬁwfj? PAGE 1 OF 1
COIl‘Imbia‘ MO 65203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP210041 - MUHC East Pavilion
PROJECT NUMBER _G20589 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _11/8/20 COMPLETED _11/8/20 GROUND ELEVATION _741 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA & NQ2 Diamond Bit & Rotary Wash 2 AT TIME OF DRILLING 22.00 ft/ Elev 719.00 ft
LOGGED BY _Lidholm CHECKED BY _Grimm AT END OF DRILLING _—- Not meaningful due to coring
NOTES Borehole backfilled upon completion AFTER DRILLING —- Not meaningful due to coring
i o | ATTERBERG
o > P ] we LIMITS
z |2 MATERIAL DESCRIPTION FEO|EE|l 228 12|22 EA e =
E=129Q Lo |So z2 |0%(8%|EgR=zla |0, &
5€|33 2= 82| 23% |E&|S8|58|ak|Se|EL (o
u =] | o LT (=T |ek|laz2(22|Fa
o == (W4 oz |z |2 |% €555 |2z
& " g |5 |& |87~ |37
0 o
> F&(ja5\_ CONCRETE (6-inches) /N\740.5] - —
or i 0430 GRAVEL with fines (30-inches) 738.0 y LS 3
3  Jo b GRAVEL without fines AU
8 bQ y 2
gr 100 7340
st N LEAN TO FAT CLAY: Brown and gray, trace sand and
gl 10 KON fine gravel, trace rust stains (glacial drift) SJ 22 8400|3330 114 | 18
17 o\ |
2
SL e
2 @\ ) )
gl_ -~ trace to with sand, occasional sandy zones S4T 12 7000{2375| 118 | 15
ar 724.0
F SANDY CLAY: Brown, trace gray, with fine gravel, —
S trace rust stains (glacial drift) 55T 11 16
g B |
g I e \Ear| 23, 718.0
SE BOULDER or DENSE COBBLES: Brown and gray, SPT| 18 |41-2240 12 |
2 occasional shaley clay zones 6 1 (62) —
(=
i
8 o 285 712.5
o| 30 EEEANS  SEVERELY WEATHERED SHALE: Gray, with gravel 71152 SPTL 12 | 31-4/4" {1200 9 )
2 CHERTY LIMESTONE: Gray and light gray, fractured R70 17
oL o |8 RQD =15% 7083
] - - = 8
nl SHALE: Dark gray, occasional limestone and limey 706.5
= \__Zones —1IRC| 43
I g5 CHERTY LIMESTONE: Gray and light gray, occasional 9
| —1-138.0 shale seams (washed away during coring), fractured 703.0
- \ RQD = 15% RC
LIMESTONE: Gray to whitish gray, trace shale seams 10 54
RQD =60%
= T 425 698.54

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:38 - V:\===PROJECTS:

Refusal at 29.5 feet.
Bottom of borehole at 42.5 feet.

Figure 14: MUHC Borehole 13
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BORING NUMBER B-14

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:38 - V:\===PROJECTS=

Bottom of borehole at 20.0 feet.

Crockett GTL
1000 W Nifong Bivd. Bldg. #1 DEARAYEPIP PAGE 1 OF 1
Columbia, MO 65203 ORWORE U U
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME CP210041 - MUHC East Pavilion
PROJECT NUMBER _G20589 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/25/20 COMPLETED _10/25/20 GROUND ELEVATION _745 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Lidholm CHECKED BY _Grimm AT END OF DRILLING _-- Not Encountered
NOTES _Borehole backfilled upon completion 0.25hrs AFTER DRILLING _—- Not Encountered
i I . il ATTERBERG
w - _|u | wE LIMITS
= <
z |8 MATERIAL DESCRIPTION e |BE| 228 2 |2 EA L &
= To 2 ocl|QelEw|2 &)
cglag wo |20 022 |g%|0%|Z8|ES|o- B
HE |59 z= |Sz| 23% |E&|S8|58 2k |55 |KE(R2E
a w oz|g= = [=)]
g Sz |wa| oz |¥ (2 |% S3|35 |2z
< 4 = 5 | [=2Q|3 <
) i a o a é
= CONCRETE (10-inches) i
Ef UNDOCUMENTED FILL: Lean to fat clay, brown and 4200 109 | 20
:’é light brown, trace to with sand 740012285 113 | 17
13} LEAN TO FAT CLAY: Brown and gray, trace sand and
E fine gravel, trace rust stains (glacial drift)
s SANDY CLAY: Brown, trace gray, trace fine gravel,
= trace rust stains (glacial drift) S:;I' 18 9000|8235 117 | 15
= | o |
2
w
Q 732.0
2 CLAYEY SAND: Brown, trace gravel (glacial drift) S4T 10 12
g
& I—
o nsoffll & | 14 9
g
Q
D
=1
?
&
o
S
4
a
5
w
o]

Figure 15: MUHC Borehole 14
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BORING NUMBER B-15

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:38 - V:\===PROJECTS===\GEOT PROJECTS\2020\G20589 - CP210041-MUHC EAST PAVILION\G20589.GPJ

Crockett GTL
1000 W Nifong Blvd. Bldg. #1 REMRAYWPTPER PAGE 1 OF 1
Columbia, MO 65203 RWSORGE U U
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME CP210041 - MUHC East Pavilion
PROJECT NUMBER _G20589 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _11/7/20 COMPLETED _11/7/20 GROUND ELEVATION 745 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD 4" SSA AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Lidholm CHECKED BY _Grimm AT END OF DRILLING _—- Not Encountered
NOTES Borehole backfilled upon completion 0.25hrs AFTER DRILLING --- Not Encountered
i o __| ATTERBERG
o > R T Y wE LIMITS
=z |2 MATERIAL DESCRIPTION FEO|EE| 228 [2_|2 E =5 E
Eeglz8 wa (20| 322 |2%|8%|28|Eg|e-|2-|5
H=|s3 == |82| 235 |E8| 8|58|28|35|55|2E
a w |9 oz|o2|%2|52
z =Z |w=| Oz |z |z [z |28|€3|%3|ez
b 5 |* g 5 |& |87 |= 3=
S0 CONCRETE (6-inches)
4+ \ " GRAVEL (@-inches) S1T 15 4600{3390| 110 | 19
BN LEAN TO FAT CLAY: Brpwn andAgrayz trace sand and ST | 21 3500{2010/| 108 | 20
h fine gravel, trace rust stains (glacial drift) 2 —
10 N0 33T 22 6000|1740| 95 | 29
S —-: gray, trace to with sand S4T 24 5600(2945| 116 | 17
5\ 2\ 18.0 727.0
e SANDY CLAY: Brown, trace gray, with fine gravel, ST | 14 7600 12
20 x 20 \__trace rust stains (glacial drift) / 1250 5

Bottom of borehole at 20.0 feet.

Figure 16: MUHC Borehole 15
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Crockett GTL BORING NUMBER B-16
1000 W Nifong Bivd. Bldg. #1 —Pi@%@gﬁ%g?qu? PAGE 1 OF 1
COIumbla’ Mo 65203 GEOTECHNICAL - TESTING LAB

Telephone: 573-447-0292

CLIENT _University of Missouri - Campus Facilities PROJECT NAME CP210041 - MUHC East Pavilion
PROJECT NUMBER _G20589 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/27/20 COMPLETED _10/27/20 GROUND ELEVATION 743 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA Y AT TIME OF DRILLING _18.00 ft / Elev 725.00 ft
LOGGED BY _Lidholm CHECKED BY _Grimm ¥ AT END OF DRILLING _18.00 ft/ Elev 725.00 ft
NOTES _Borehole backfilled upon completion l 0.25hrs AFTER DRILLING _18.00 ft/ Elev 725.00 ft
i o . o ATTERBERG
! > |y |y WE LIMITS
=z |2 MATERIAL DESCRIPTION FEO|EE| 228 [2_|2 E =5 E
=~ Q_O wao |So =2 0% Qc|Eg ,:_>Z a (&) =
5€|%3 2= |8z| 235 |E&[J8|58|2E|S5|55|08
a W o Lo oz|a2|%2|F-o
9} == (W4 oz 2 |2 <4 0=
3% ¥ 2 2 [ [28[25[35 e
0 - a
B TOPSOIL (6-inches) \I42.5 — S
- 1830  UNDOCUMENTED FILL Lean (o fat clay, dark brown 7400l ST | 12 9000 17
| \ anad brown, with gravel to gravelly 17 5000/4165| 105 | 23
LEAN TO FAT CLAY: Brown and gray, trace sand and —
- a8 o fine gravel, trace rust stains (glacial drift)
10 KON 24 6000(6100| 117 | 17
- Ho\Ca 24 5600(3215| 110 | 19
20 200 --- becomes gravelly 7230 SPT| 13 | 9-10-11 6500 14 |
Bottom of borehole at 20.0 feet. LS/ \_(21) |

SAMPLE LENGTH REPORT - LAT-LONG TEMPLATE.GDT - 11/24/20 08:38 - V:\===PROJECTS===\GEOT PROJECTS\2020\G20589 - CP210041-MUHC EAST PAVILION\G20589.GPJ

Figure 17: MUHC Borehole 16
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Crockett GTL BORING NUMBER B-18
1000 W Nifong Bivd. Bldg. #1 —Pi@%@gﬁ%g?qu? PAGE 1 OF 1
COIumbla’ Mo 65203 GEOTECHNICAL - TESTING LAB

Telephone: 573-447-0292

CLIENT _University of Missouri - Campus Facilities PROJECT NAME CP210041 - MUHC East Pavilion
PROJECT NUMBER _G20589 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/28/20 COMPLETED _10/28/20 GROUND ELEVATION 7325 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA AT TIME OF DRILLING _-- Not Encountered
LOGGED BY _Lidholm CHECKED BY _Grimm AT END OF DRILLING _—- Not Encountered
NOTES Borehole backfilled upon completion 0.25hrs AFTER DRILLING --- Not Encountered
i o . o ATTERBERG
! > |y |y WE LIMITS
z %o MATERIAL DESCRIPTION FEO|EE| 228 Z2-13= E = o |E
a&|%0 we 1291 557 (£8|0g|28|hE|2|F=|C
w~ §_l E% 85 5‘8> == 09; oL g|— 53 ;s ;g
a w z|02|<c=2
=Z |W4 oz > &4 7]
o % ¥ =5 E % % = 8 =i é = S =
0 - a
B TOPSOIL (6-inches) —
r R4 3.0 UNDOCUMENTED FILL: Fat clay, dark brown and 3400 100 | 27
- \ Drown 6600(2790/ 109 | 21
LEAN TO FAT CLAY: Brown and gray, trace sand and
- a8 o fine gravel, trace rust stains (glacial drift)
10 X ," 4800|2740| 105 | 23
I KE4ss 719.0
B B 15.0 SHALEY FAT CLAY: Tan and gray 7175 X| SPT| 15 | 5-7-10 {11600 22
Bottom of borehole at 15.0 feet. L4/ (7 |

Figure 18: MUHC Borehole 18
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Crockett GTL BORING NUMBER B-19
1000 W Nifong Bivd. Bldg. #1 —Pi@%@gﬁ%g?qu? PAGE 1 OF 1
COIumbla’ Mo 65203 GEOTECHNICAL - TESTING LAB

Telephone: 573-447-0292

CLIENT _University of Missouri - Campus Facilities PROJECT NAME CP210041 - MUHC East Pavilion
PROJECT NUMBER _G20589 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/28/20 COMPLETED _10/28/20 GROUND ELEVATION 731 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Lidholm CHECKED BY _Grimm AT END OF DRILLING _—- Not Encountered
NOTES Borehole backfilled upon completion 0.25hrs AFTER DRILLING --- Not Encountered
i o . o ATTERBERG
! > |y |y WE LIMITS
z |2, MATERIAL DESCRIPTION F GE| 223 2.3 EC 5 o |E
58159 =2 |82| 23% [2&(S8|58|2E|S5|55(2%
o w |9 oz|laz2|%2|k2
9} == (W4 oz 2 |2 <4 0=
3% ¥ SN ERlk:
0 o o
TOPSOIL (6-inches) NI30.5 |
- UNDOCUMENTED FILL: Lean fo fat clay, dark brown _728.0ffll ST | 15 6600 112 16
| \ \ and brown, with sand and gravel i 16 4200/2115] 96 | 24
\\\ 60 LEAN TO FAT CLAY: Brown (possible undocumented 725.0 —
B =7 \_fi) .
| o e LEAN TO FAT CLAY: Brown and gray, trace sand and
10 |2 Nes fine gravel, trace rust stains (glacial drift) 24 7000/2195| 108 | 21
B A -\l150 --- becomes gravelly, with sand 716.0)<| SPT| 11 4-4-9 4000 17
Bottom of borehole at 15.0 feet. L4/ _(13) |

Figure 19: MUHC Borehole 19
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APPENDIX A-8

N
Prepared By:

w<$>€ BORING LOCATION PLAN | caockess

GEOTECHNICAL ES

1000 W. Nifong Blvd, Building 1

S
CP190721 TPMC Columbia, MO 65203
COLUMBIA, MISSOURI 573-447-3981
www.CrockettGTL.com

PROJECT NO.:G18363.2

Figure 1: Roy Blunt NextGen Precision Health Building (NextGen) boring plan (Aerial
View), prepared by Crockett
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Crockett GTL BORING NUMBER B-5

SAMPLE LENGTH REPORT (TSF) - LAT-LONG TEMPLATE.GDT - 3/8/19 12:42 - V:\===PROJECTS===\GEOT PROJECTS\2018\G18363.1 - CP190721 TPMC\SUPPORTING DOCUMENTS.1\G18363.1.GPJ

1000 W Nifong Bivd. Bidg. #1 @%@2@%5?? PAGE 1 OF 1
Cdumha‘ M065203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _(G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/8/18 COMPLETED _10/8/18 GROUND ELEVATION _745 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA Y AT TIME OF DRILLING _16.00 ft / Elev 729.00 ft
LOGGED BY _Grimm CHECKED BY _Lidholm ¥ ATEND OF DRILLING _18.00 ft / Elev 727.00 ft
NOTES _Borehole backfilled upon completion W 0.25hrs AFTER DRILLING _18.00 ft / Elev 727.00 ft
i ATTERBERG
N o5 ~ 12 |a iR, LIMITS
w =
z |8 MATERIAL DESCRIPTION FEOIEE| 228 & |2 .%,\ & =
== D_O we (>0 Zo |- Ocl|Ex EZ|a ] =
5E129 Oz |62| 932 |WE(CL2(58|gH|Sc|FE|OK
875" 23 |38] =82 [57|¢7 |5 (85|25 |43 52
< = -l =
& " g |5 |& |®8|7" =73
| TOPSOIL (4-inches) N\T44.7)
UNDOCUMENTED FILL: Gravelly lean to fat clay, brown, ST
trace rust stains, trace sand, trace root hairs, hard 2450 1| 14 9000 15
i LEAN TO FAT CLAY: Light brown, trace gray, trace rust ST
B stains, trace sand and gravel, soft to hard (glacial drift) 2 15 9000 15| 14
i e --: silty zones, dark gray and brown
o T ty Zones, dark gray I AR 4000 930 | 100 | 22
I I ST | 24 8000(3580| 112 | 17 | 42 | 14 | 28
4
L AvA
E R0 o oo o ot o s o s o st o 128101
) 4 SHALEY LEAN CLAY: Light brown and gray, trace rust
B stains, trace sand, occasional gravelly zones, very soft to SPT HE
- hard -25-
5 10 50/5" 500 23 | 34 | 18 | 16
I~ 7215
- WEATHERED SHALE: Gray, moderately to severely SPT 10 6-13-18 9000 17
weathered, hard 6 | ~ | (31) I
I SPT| 8 | 27-50/3" |9000 18
7
5 710.8><T SPT | 12 | 23-50/2" 9000 9
Bottom of borehole at 34.2 feet. 8

Figure 2: NextGen Borehole 5
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BORING NUMBER B-6

Crockett GTL
1000 W Nifong Bivd. Bidg. #1 @%@2@%5?? PAGE 1 OF 1
Cdumha‘ M065203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _(G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/8/18 COMPLETED _10/8/18 GROUND ELEVATION 739 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA Y AT TIME OF DRILLING _19.50 ft / Elev 719.50 ft
LOGGED BY _Grimm CHECKED BY _Lidholm ¥ ATEND OF DRILLING _16.00 ft / Elev 723.00 ft
NOTES _Borehole backfilled upon completion AFTER DRILLING _-—
o ] ) ATTERBERG
o 5 ~ 12 |a E w g LIMITS
¢) ¢ |xT oy W s o=
T o
= DI_O MATERIAL DESCRIPTION E% gg 353 & _|gc|E EE o lo E
LE|29 YS |32| 95% |Ls(C8|28|RE|S k(o)
875" 23 |38] =82 [57|¢7 |5 (85|25 |43 52
=4 =3 a =
& " g |5 |& |®8|7" =73
| TOPSOIL (5-inches)
UNDOCUMENTED FILL: Fat clay, dark brown, trace rust ST
i stains, trace sand, trace root hairs, medium to very stiff —_— 1| 1® 6000(1640( 102 | 22 | 50 | 17 | 33
i LEAN TO FAT CLAY: Brown, trace gray, trace rust stains, ST
& stiff to very stiff (possible glacial drift) 5 | 16 4500 101 | 24
i --: trace to with sand and gravel ST
- 3 | 18 35002860 102 | 22
- - \\ |
L AN \|1“0 72504 ST
15 SHALEY LEAN TO FAT CLAY: Light gray, trace sand, I 4 % joate 104119 | 39 | 2 18
very stiff to hard
Lo y
- SPT 12-24-42
20 Y - occasional gravelly zones 5 | 18| “e6) |9000 17
i BO____ o ________________18Y
B x\gl;::‘mERED SHALE: Light gray, severely weathered, SPT 7 16:50/3" [9000 71
2 2.5 713.5] 6
- == LIMESTONE: Gray, coarsely crystalline, occasional chert
- = : nodules throughout, occasional stylites, occasional shale
L 217 seams throughout, hard 7113
LIMESTONE: Gray, coarsely crystalline, occasional chert R7C 63
I 30 nodules, occasional stylites throughout, hard
RQD = 60%
r ] RQD = 85% | &5
B 35 T --: chert nodule from 33.2 to 33.6 feet
Unc. Comp. Strength = 827 tsf
36.0 703.0

SAMPLE LENGTH REPORT (TSF) - LAT-LONG TEMPLATE.GDT - 3/8/19 12:42 - V:\===PROJECTS===\GEOT PROJECTS\2018\G18363.1 - CP190721 TPMC\SUPPORTING DOCUMENTS.1\G18363.1.GPJ

Auger Refusal at 26.0 feet.
Bottom of borehole at 36.0 feet.

Figure 3: NextGen Borehole 6
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BORING NUMBER B-8

Crockett GTL
1000 W Nifong Bivd. Bidg. #1 @%@%@%g?? PAGE 1 OF 1
Cdumha‘ MO 65203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _(G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/13/18 COMPLETED _10/13/18 GROUND ELEVATION 739 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA Y AT TIME OF DRILLING _7.00 ft / Elev 732.00 ft
LOGGED BY _Grimm CHECKED BY _Lidholm AT END OF DRILLING _—- Not Encountered
NOTES Borehole backfilled upon completion 0.25hrs AFTER DRILLING -— Not Encountered
o ] ) ATTERBERG
a > ~ 12 |a E iR, LIMITS
¢) ¢ |xT oy W s o=
T o
E_|Zo MATERIAL DESCRIPTION Eg gg ;'23 & _|gc|E EE o lo E
LE|29 YS |32| 95% |Ls(C8|28|RE|S k(o)
875" 23 |38] =82 [57|¢7 |5 (85|25 |43 52
=4 =3 a =
= [ e |5 (& |=8|=7|2|%=
0 o
| ASPHALT (3-inches)
BASE ROCK (2-inches) / - 4000 i
UNDOCUMENTED FILL: Lean to fat clay, brown and gray, 7360
I trace rust stains, trace sand, with gravel to gravelly, stiff  /
5 FAT CLAY: Gray and brown, trace rust stains, trace sand 20 4000|3700( 101 | 26
and gravel, stiff (possible glacial drift)
C ] 70 ¢ 7320
- " LEAN TO FAT CLAY: Brown, trace gray, trace rust stains,
KX trace sand and gravel, very stiff (glacial drift) ST 1
il o e 3 | 20 7500 112 | 19
10 > ]
i = ." --2 occasional sandy and gravelly zones
N dyandaradly ST | 47 5000 19
15 |0 # - -
e o \ 16.5 7225
1170~ LIMESTONE: Hard —

SAMPLE LENGTH REPORT (TSF) - LAT-LONG TEMPLATE.GDT - 3/8/19 12:42 - V:\===PROJECTS===\GEOT PROJECTS\2018\G18363.1 - CP190721 TPMC\SUPPORTING DOCUMENTS.1\G18363.1.GPJ

Auger Refusal at 17.0 feet.
Bottom of borehole at 17.0 feet.

Figure 4: NextGen Borehole 8
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Crockett GTL BORING NUMBER B-9
1000 W Nifong Blvd. Bldg. #1 @%@2@%5?? PAGE 1 OF 1
Cdumha‘ MO 65203 GEOTECHNICAL - TESTING LAB

Telephone: 573-447-0292

Bottom of borehole at 29.8 feet.

CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _(G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/8/18 COMPLETED _10/8/18 GROUND ELEVATION 746 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA Y AT TIME OF DRILLING _16.00 ft / Elev 730.00 ft
LOGGED BY _Grimm CHECKED BY _Lidholm ¥ AT END OF DRILLING _16.00 ft / Elev 730.00 ft
NOTES _Borehole backfilled upon completion W 0.25hrs AFTER DRILLING _16.00 ft / Elev 730.00 ft
Ui ATTERBERG
< LIMITS
2 a > =18 | W
ol - |2 MATERIAL DESCRIPTION FEOIEE| 228 & |2 .%,\ & =
S Eo|To 5] S0 [re|Qel|Es|2Z Q =
glag|ZO ot 32| 952 |LE|0&|28|FE|2|F|O
Slu= (<9 z= (82| 22 |¥2| 2|58 |e(SE|RE o
L 33 |88 =82 57|¢ 7|7 |2E(35 22 |58
1] < =3J|23|&2
< 5 = g |5 |& |®8[77|=7|3
gl o &
U B TOPSOIL (3-inches)
g s UNDOCUMENTED FILL: Gravelly lean to fat clay, brown, ST —
§ I s trace rust stains, with sand, trace root hairs, hard 1 8 13
= S - trace to with sand, trace gravel
& ey ' o ST 110 9000|9060 116 | 15
gl 5 ke 2
a ey
3| k]
] R
=l R
Bl [R5 8.0 738.0
& - LEAN TO FAT CLAY: Light brown, trace gray, trace rust ST
s 10 e stains, trace sand and gravel, stiff to hard (glacial drift) 3 19 85003630 112 | 17
5 A
o e
L
=1 I |
1)
el & ST
&l 15 | .___-;tzac_etsv_wmsgnga_nd_gr_avg____________73_1.<l 4 | % ]
= CLAYEY SAND: Light brown and gray, trace gravel, loose
al
o
8 |-
a
e
v 8 SPT 1-1-3
% 5 18 ) 20
ol
Bl ,
S - LEAN TO FAT CLAY: Light brown, trace gray, trace to with
g TR sand and gravel, hard (glacial drift)
ii - B SPT|_6 50/3" 49000 17
gl 25 |- N]25.0 721.0 6
o WEATHERED SHALE: Gray, severely weathered, hard
18
3
S
[ SPT 16-41
.é- 2.8 7163 Y 12 50/4; 9000 18
E
S
o
2
w
=
©
=
=
5
5|
=]
&
o
]
4
X
=
1]
=
=)
=
[N
s
&

Figure 5: NextGen Borehole 9
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Crockett GTL

1000 W Nifong Bivd. Bldg. #1
Columbia, MO 65203
Telephone: 573-447-0292

BORING NUMBER B-11

PRARYEPP
—’mea O RAGETIOF 1

GEOTECHNICAL - TESTING LAB

CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _(G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _10/9/18 COMPLETED _10/9/18 GROUND ELEVATION _750 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA Y AT TIME OF DRILLING _17.00 ft / Elev 733.00 ft
LOGGED BY _Grimm CHECKED BY _Lidholm ¥ AT END OF DRILLING _30.00 ft / Elev 720.00 ft
NOTES _Borehole backfilled upon completion W 0.25hrs AFTER DRILLING _30.00 ft / Elev 720.00 ft
i ATTERBERG
: I LIMITS
@ a > —_ E o WS
ol |2 MATERIAL DESCRIPTION c|EE|l 228 |a |2 E,\ Ze z
dFES|Eo 5l 2 =(QelEg(Rz [}
gaEe(LTD we [(=>0o OZZ‘ ’_g o.‘ﬂza’_lﬂ o[BG
glw= 28 7= [82| 23% |UL|0E|58|aE|SE|EE|Ck
58 |8 3 |99) %82 |3 |¢ |2 7|25(35(23 52
o =4 g3|35|2z2
< 5 = g |5 |& |®8[77|=7|3
2] o
g TOPSOIL (4-inches) N\I49.7)
3 UNDOCUMENTED FILL: Gravelly lean to fat clay, brown, ST
2 trace gray, trace rust stains, trace to with sand, trace root 1|13 6000 14
2 hairs, very stiff to hard _ —
E ST 110 9000 7
<] 2
= 7440
[5) LEAN TO FAT CLAY: Light brown with gray, trace rust
E stains, trace to with sand and gravel, very stiff (glacial drift)
8L ST
15 N 3 | 15 75004320 106 | 22 | 43 | 17 | 26
& 10 S
el 0 _ . __ 7310
= SAND: Light brown, occasional clayey zones, loose SPT 753 —
S 13 6
2 4 (8) I
2
ol
3l
E | Lot 732.0
2 - LEAN CLAY: Light brown with gray, trace rust stains, with SPT 145 —
ol 20 re sand and gravel, very stiff to hard (glacial drift) 5 13 © 9000 18
T -
é) i —. S .'a
ol JeNe
3 2\
4 .
L _INE SPT 366
i 6 16 (12) 8000 16 | 29 | 15 | 14
Qj‘ 724.0
& CLAYEY SHALE: Gray, moderately to severely weathered,
o hard
% SPT 12-23-41
»g 7 12 (64) 9000 12
E
3
o
=
w
o I
5 SET 13 2526/339_ 9000 16
5
&l
=]
= |
] SPT |_7 ) 42-50/2" |9000 14
i Bottom of borehole at 39.2 feet. 9
T
o
=
=)
=|
[N
=
&

Figure 6: NextGen Borehole 11
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Crockett GTL BORING NUMBER B-14
1000 W Nifong Blvd. Bldg. #1 @%@5@%5?? PAGE 1 OF 1
Cdumha‘ MO 65203 GEOTECHNICAL - TESTING LAB

Telephone: 573-447-0292

SAMPLE LENGTH REPORT (TSF) - LAT-LONG TEMPLATE.GDT - 3/8/19 12:42 - V:\===PROJECTS===\GEOT PROJECTS\2018\G18363.1 - CP190721 TPMC\SUPPORTING DOCUMENTS.1\G18363.1.GPJ

CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _(G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _1/21/19 COMPLETED _1/21/19 GROUND ELEVATION 737 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Grimm CHECKED BY _Lidholm AT END OF DRILLING _—- Not Encountered
NOTES _Borehole backfilled upon completion 0.25hrs AFTER DRILLING _-— Not Encountered
i ATTERBERG
o 5 ~ 12 |a E w g LIMITS
Q @ |xT ow &= o
E,.\ T MATERIAL DESCRIPTION ﬁ% gg 353 &e SlEx|SE o E
aE (%0 4= 82| 952 (W8|C8|Z8|hT|8|E=|C
4=z as |oF| @g> |XT|cT|2°|8E |35 |05 |E
o =2 |u-| "oz |8 (2 |3 |23|23|s5|22
) g |° |o o7 |z é =
1 TOPSOIL (5-inches)
§ UNDOCUMENTED FILL: Brown and light brown, trace to ST
< with rust stains, trace sand, with gravel, stiff to very stiff 1|16 12|15
' SZT 12 6500(3520( 112 | 16
729.0
LEAN TO FAT CLAY: Brown and gray, trace rust stains, ST
trace sand and gravel, very stiff (possible glacial drift) 3 15 5500|5250 105 | 24
725.0
CLAYEY GRAVEL: light brown, possible cobbles and
boulders, dense
SPT| 4 | 16-18-16 10
4 (34) |
721.0
GRAVELLY WEATHERED SHALE: Light gray, moderately
to severely weathered, possible cobbles and boulders, hard
AR 253:334 9000 10
716.5 R
LIMESTONE: Hard 60

Auger Refusal at 21.0 feet.
Bottom of borehole at 21.0 feet.

Figure 7: NextGen Borehole 14
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BORING NUMBER B-15

SAMPLE LENGTH REPORT (TSF) - LAT-LONG TEMPLATE.GDT - 3/8/19 12:42 - V:\===PROJECTS===\GEOT PROJECTS\2018\G18363.1 - CP190721 TPMC\SUPPORTING DOCUMENTS.1\G18363.1.GPJ

Crockett GTL
1000 W Nifong Bivd. Bidg. #1 RLBEMBAVERIR PAGE 1 OF 1
Columbia, MO 65203 o e 1S
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _(G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _1/21/19 COMPLETED _1/21/19 GROUND ELEVATION 738 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Grimm CHECKED BY _Lidholm AT END OF DRILLING _—- Not Encountered
NOTES _Borehole backfilled upon completion 0.25hrs AFTER DRILLING _-— Not Encountered
o ] ) ATTERBERG
o 5 ~ 12 |a E w g LIMITS
Q @ |xT ow &= o
T o
= EO MATERIAL DESCRIPTION E% gg 353 & _|gc|E EE o lo E
LE|29 YS |32| 95% |Ls(C8|28|RE|S k(o)
875" 23 |38] =82 [57|¢7 |5 (85|25 |43 52
=4 =3 a =
3 | 2 |5 |& |*8]3°|2°32
0 o
| TOPSOIL (6-inches) ~I3L5)
UNDOCUMENTED FILL: Lean to fat clay, brown and light ST
brown, trace sand and gravel, trace to with roots and root . 1| 1® 1500 100 | 23
- hairs, medium 7 - ST —
L UNDOCUMENTED FILL: Sand, brown, trace to with roots oA | 16 7
5 and debris ST |8 5000,2260] 101 | 24
L N LEAN TO FAT CLAY: Brown and light brown, trace rust
i \\\\ stains, trace sand and gravel, stiff to very stiff (possible
B \\\\ Ngo gladal drift) 730.0
- LEAN TO FAT CLAY: Light brown and gray, with rust ST
B 10 e stains, trace to with sand and gravel, stiff to very stiff 3 17 6000|3930| 104 | 23
o o (dlacial drift)
S 725.0
SHALEY LEAN CLAY: Light gray, trace brown, trace sand ST
15 and gravel, very stiff to hard 4 14 9000(6580( 117 | 17 | 36 | 18 | 18
720.0
WEATHERED SHALE: Light gray, trace to with gravel, SPT 11-16-16 —
possible cobbles and boulders, hard 5 | 16 232) 9000 12
715.5!
LIMESTONE: Hard 50
Auger Refusal at 23.0 feet.
Bottom of borehole at 23.0 feet.

Figure 8: NextGen Borehole 15
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BORING NUMBER B-16

Crockett GTL
1000 W Nifong Bivd. Bidg. #1 @%@2@%5?? PAGE 1 OF 1
Cdumha‘ M065203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _(G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _1/22/19 COMPLETED _1/22/19 GROUND ELEVATION 741 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA Y AT TIME OF DRILLING _17.00 ft / Elev 724.00 ft
LOGGED BY _Grimm CHECKED BY _Lidholm ¥ ATEND OF DRILLING _18.00 ft / Elev 723.00 ft
NOTES _Borehole backfilled upon completion W 0.25hrs AFTER DRILLING _18.00 ft / Elev 723.00 ft
o ] ) ATTERBERG
o 5 ~ 12 |a E iR, LIMITS
¢) ¢ |xT oy W s o=
T o
E_|Zo MATERIAL DESCRIPTION E% gg 353 & _|gc|E EE o lo E
nE (20 Oz |62| 932 |WE(CL2(58|gH|Sc|FE|OK
875" 23 |38] =82 [57|¢7 |5 (85|25 |43 52
< = -l =
3| 2 |5 |& |*8]3°|2°32
0 o
| ASPHALT (6-inches) ~I405)
i BASE ROCK (12-inches) S VS e
UNDOCUMENTED FILL: Lean to fat clay, gray and brown, 1118 9 |7000 19
I trace rust stains, trace to with gravel, very stiff 7318 ST |
5 LEAN TO FAT CLAY: Gray, trace brown, trace rust stains, o | 12 6000{7060| 108 | 18
trace sand and gravel, stiff to very stiff (glacial drift)
: o --> with sand, occasional sandy zones, trace to with gravel —_— ?X 16 4500{2410| 112 | 16
CLAYEY SAND: Gray and brown, trace gravel, hard ST -8 | 19000/ 13 )
L (glacial drift) 3B
| 3 7290
. SANDY LEAN TO FAT CLAY: Light brown and gray, trace
i KR rust stains, trace to with gravel, stiff (glacial drift) ST
B N 13 4000{2350| 110 | 19
15 [ 4
| oo v
E 4\, A 4
E NG SPT 4-1-1
20 [N - gravelly, very loose 5 | 12 ) 22
B TN 21,0 7200
GRAVELLY WEATHERED SHALE: Light gray and light
B brown, occasional clayey zones, possible cobbles and
- boulders, hard, dense
- SPT 11-25-34
25 6 14 (59) 9000 15
I SPT ) 4 50/4" _£9000, 13
30 -2 very dense 7
I~ 32.5 708.5
LIMESTONE: Hard AL

Auger Refusal at 33.0 feet.
Bottom of borehole at 33.0 feet.

SAMPLE LENGTH REPORT (TSF) - LAT-LONG TEMPLATE.GDT - 3/8/19 12:42 - V:\===PROJECTS===\GEOT PROJECTS\2018\G18363.1 - CP190721 TPMC\SUPPORTING DOCUMENTS.1\G18363.1.GPJ

Figure 9: NextGen Borehole 16
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BORING NUMBER B-17

Split Spoon Sampler Refusal at 18.6 feet.
Bottom of borehole at 33.5 feet.

Crockett GTL
1000 W Nifong Bivd. Bldg. #1 VA (oY V| ZA (=TT PAGE 1 OF 1
Columbia, MO 65203 T TR T
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _(G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _1/19/19 COMPLETED _1/19/19 GROUND ELEVATION 736 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD 4" SSA AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Grimm CHECKED BY _Lidholm AT END OF DRILLING _—- Not Encountered
NOTES _Borehole backfilled upon completion AFTERDRILLING -—
i ATTERBERG
- < LIMITS
2 a > =18 | W
ol |2 MATERIAL DESCRIPTION c|EE|l 228 |a |2 E,\ Ze z
dFES|Eo 5| 2E2 |-=|Q<|Eg|RE [}
gaE e w (>0 OZ< E"gogza,_mo'__’_a
gu= g3 2 Q2| 225 |E2 V:vtg,_5—*"—_ﬂj
5e |8 $2 |38 ®8z |3 |2 |z |23(a3|23 k2
= N =5 - =
7 & = e |5 |B [28]-7|2 3
g =R TOPSOIL (6-inches) 1355
Q \ LEAN TO FAT CLAY: Brown, trace rust stains, trace SPT 534
&r i N\ gravel, trace to with roots and root hairs, stiff to very stiff 1 13 2 4500 18
o (possible undocumented fill) @ ——
gE A ) SPT 445
24
o s e 2 12 © 2500 22
% N\
2r T\
= AN
= \\ 8.0 728.0
8 NN LEAN TO FAT CLAY: Brown and gray, trace rust stains, SPT ywwy —
s 10 ] \ trace to with sand, trace gravel, stiff (possible glacial drift) 3 18 (8; 3500 18
5] \
- N 1.5 724.5)
§ - N\ GRAVELLY LEAN TO FAT CLAY: Brown, with rust stains,
g L £ > N with sand, possible cobbles and boulders, dense (glacial
2 S dnit) SPT| 16 | 127417 -
Sl 15 &0 4 (31) [
= -
iv] S PANH
3L 17.0 719.0
3 WEATHERED LIMESTONE: Light gray, severely
s 1 18.5_ weathered, hard 75 . —
< LIMESTONE: Gray, fossiliferous, coarsely crystalline, SPTR 1 J 501 L3
i occasional chert nodules, occasional styolites throughout 5
hl RC 545
3 --: shale seam from 21'to 21.1' 6 7%
3l 1 RQD = 68%
xr o --2 occasional chert nodules from 21.7' to 24'
ﬂ— s 25 Unc. Comp. Strength = 781 tsf 7115
> --: shale seam from 24.5' to 25'
b RC| 55
a ] RQD = 65% 7
Cal
g? - -
'é 30
B - - shale seam from 30.5 to 30.7" RO oo
al- Unc. Comp. Strength = 1065 tsf
= :I'] RQD = 80%
= N 8.5 702.5
Q
=
S
5
5|
=
&
O
]
4
X
=
(o]
=
=)
=|
[N
=
&

Figure 10: NextGen Borehole 17
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BORING NUMBER B-18

SAMPLE LENGTH REPORT (TSF) - LAT-LONG TEMPLATE.GDT - 3/8/19 12:42 - V:\===PROJECTS===\GEOT PROJECTS\2018\G18363.1 - CP190721 TPMC\SUPPORTING DOCUMENTS.1\G18363.1.GPJ

Crockett GTL
1000 W Nifong Bivd. Bidg. #1 @%@5@%5?? PAGE 1 OF 1
Cdumha‘ M065203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _(G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _1/19/19 COMPLETED _1/19/19 GROUND ELEVATION 737 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Grimm CHECKED BY _Lidholm AT END OF DRILLING _—- Not Encountered
NOTES _Borehole backfilled upon completion AFTER DRILLING -—
o ] ) ATTERBERG
o - -3 |z |E |w g LIMITS
¢) ¢ |xT oy W s o=
T a
= Eo MATERIAL DESCRIPTION E% gg ;EB e _[BalEa EE = - E
5E129 Oz |62| 932 |WE(CL2(58|gH|Sc|FE|OK
875" 23 |38] =82 [57|¢7 |5 (85|25 |43 52
< = -l =
3 | 2 |5 |& [%8[=7|27|32
0 o
A ASPHALT (7-inches) 7364
P15 "Base Rock (11 inches) e N yE
b Ve LEAN TO FAT CLAY: Brown and gray, trace rust stains, 110 (13)
B N trace to with sand, trace gravel, very stiff (glacial drift) ST
o RS 15 5500{4790| 105 | 21
5 [ 2
- I S| 10 6500(4610| 109 | 21
e e e e 20,00
CLAYEY GRAVEL: Light brown, possible cobbles and
P boulders, very stiff, very dense (glacial drift)
- SPT 11-17-40
4 15 (57) 5500 1
I~ 5 719.5
- = 18.5 WEATHERED LIMESTONE: Light gray, trace gravel, 7185
L. severely weathered, hard SPT) 2 50/2" L 5 |
20 LIMESTONE: Gray, fossiliferous, coarsely crystalline, 5
B occasional chert nodules, occasional styolites throughout RC
T ] RQD = 51% 6 |3
I — --2 occasional chert nodules from 22.7" to 24.1'
25 Unc. Comp. Strength = 963 tsf ac
-] RQD = 74% 7|
Foag T
--: chert nodule from 27.9'to 30.3"
B <l RC 60
RQD = 80% 8
B 71 Unc. Comp. Strength = 1005 tsf
r I 335 --: chert nodule from 32.7'to 33.2' 703.5

Split Spoon Sampler Refusal at 18.7 feet.
Bottom of borehole at 33.5 feet.

Figure 11: NextGen Borehole 18
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BORING NUMBER B-19

Unc. Comp. Strength = 836 ts;

Auger Refusal at 24.5 feet.
Bottom of borehole at 39.5 feet.

Crockett GTL
1000 W Nifong Bivd. Bidg. #1 @%@5@%5?? PAGE 1 OF 1
Cdumha‘ M065203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _(G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _1/20/19 COMPLETED _1/20/19 GROUND ELEVATION 746 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD 4" SSA 2 AT TIME OF DRILLING _16.00 ft/ Elev 730.00 ft
LOGGED BY _Grimm CHECKED BY _Lidholm Y AT END OF DRILLING _18.00 ft/ Elev 728.00 ft
NOTES _Borehole backfilled upon completion AFTERDRILLING -—
i ATTERBERG
? : - < LIMITS
2 a > =18 | W
ol |8 MATERIAL DESCRIPTION T |EEl 2248 | (2 E,\ 2
“lE_|To Bl 2 SelEc|DE o
glee |28 weg 29| 552 |G§|0E|Z8|hE|e=|R=|C
glw= 28 7= [82| 23% |UL|0E|58|aE|SE|EE|Ck
55 |3 2 |85 ®82 |37 (¢ |3 |25|33 |43 |58
1] < =3J|23|%=2
< 5 = g |5 |& |®8[77|=7|3
gl o &
g ASPHALT (6-inches; ~1455)
s P 15 . =l 7445
3l i BASE ROCK (12-inches) SPT 875
§ b Ve LEAN TO FAT CLAY: Gray and brown trace rust stains, 1| 15 (1 [5500 16
Z[ N trace to with sand and gravel, stiff (glacial drift) ST
& B 24 3500(3460| 103 | 23
9l 5 [N 2
o
5]
=
& L _- o
5 -O% ST 12 25001360/ 106 | 15
% 10 [N --2 sandy zone, medium to stiff 3
o .
- T
|
©
or ‘\ ST
21 - --2 becomes stiff 24 4500(3250| 111 | 16
8| 15 2 4
®
oF —\ ¥
gl 4%
g v some free water flowed
518 i from boring from 17" to 18' —
a5 i SPT| 42 | 355 3500 21
720k -2 becomes sandy, stiff 5 (10)
ol L
gl \
a o
[ = . T20=T5pT | 3_|_ 504" 7]
2 25 25.0 WEATHERED LIMESTONE: Light gray, trace gravel, 7210w 6
z moderately to severely weathered, hard
3r 5 LIMESTONE: Gray, fossiliferous, coarsely crystalline, RC | 45
by B occasional chert nodules, occasional styolites throughout, 7
§ n N occasional minor shale seams
oL ] RQD =61%
'é 30
El 4 RC
S RQD = 81% g | %
% B Unc. Comp. Strength = 669 tsf
-
1] I
Sl 35
5 RC
o -~ chert nodule from 35.7'to 35.9' 9 | 62
m RQD = 69%
= K --: chert nodule from 36.5'to 36.9'
& RC
or N 39.5 RQD = 83%__706.5 12
i} —\_10
4
X
=
5]
=
=)
=
[N
s
&

Figure 12: NextGen Borehole 19
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BORING NUMBER B-21

Crockett GTL
1000 W Nifong Bivd. Bldg. #1 VA (oY V| ZA (=TT PAGE 1 OF 2
Columbia, MO 65203 o e 1S
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _(G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _1/28/19 COMPLETED _1/28/19 GROUND ELEVATION 742 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Grimm CHECKED BY _Lidholm AT END OF DRILLING _—- Not Encountered
NOTES _Borehole backfilled upon completion 0.25hrs AFTER DRILLING _-— Not Encountered
Ui ATTERBERG
: : . I LIMITS
@ a > —_ E o WS
ol |2 MATERIAL DESCRIPTION c|EE|l 228 |a |2 E,\ Ze z
hd = =0 8 |95| 253 |[F=|9<|Eg|2E Q
g %E (%0 W |32| 952 |LE|CE|ZR|BT|S=|E|OX
5|8 23 |98 =82 |37|¢ |5 |2z [a5| 22 5e
3 |® =12 |5 |8 |*8]77 |27 |32
2l o a
g -
z| ASPHALT (5-|nc.h%) N\I416)
3l BASE ROCK (-inches) ALY 57 557
§ UNCONTROLLED FILL: Gravelly lean to fat clay, trace 1 | 10 43 [3000 12
E I rust stains, trace to with sand, stiff to very stiff —
gL SPT 553
o s 2 10 ® 5000 9
o
2L
9l I I P DR TP DU (. 1)
B - LEAN TO FAT CLAY: Gray and brown, trace rust stains,
Y N r > N with sand to sandy, trace gravel, very stiff (glacial drift) SPT >3E [—
% 10 .‘- 3 21 ) 4500 24
O o Ne
g
2 o \e
% i il e
2k e SPT 234
§ 15 |0 4 15 @ 5000 16
2 N\ o [l
2
3
£ 0 o e s T2
o SHALEY LEAN TO FAT CLAY: Light gray, trace rust —
& stains, trace sand, hard SPT1 41 | &811 19000 17
i 5 (19)
.‘2’
o
e s e e SO0
ii CLAYEY SHALE: Light gray, trace light brown, hard SPT - 151914 000 m
& 6 | "~ | (26) L
5
&
Cal
3 713.0 B Faa]
s - 2 SPT | 12 | 27-50/4" |9000 13
a WEATHERED SHALE: Gray, trace sand, moderately to 7 E—
E severely weathered, hard
S
o
=
w
b ———
2 SPT|_6 _J|_50/3"_ 9000 6
S 8
s
5
5|
=]
5 -
S SPT {_14 50/5" 9000 9
i 9
4
X
=
(o]
=
=)
y |
s SPT|_9 50/5" _A\9000 10
& 10

(Continued Next Page)

Figure 13: NextGen Borehole 21
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BORING NUMBER B-21

SAMPLE LENGTH REPORT (TSF) - LAT-LONG TEMPLATE.GDT - 3/8/19 12:43 - V:\===PROJECTS===\GEOT PROJECTS\2018\G18363.1 - CP190721 TPMC\SUPPORTING DOCUMENTS.1\G18363.1.GPJ

Auger Refusal at 52.5 feet.

12

Split Spoon Sampler Refusal at 52 .6 feet.
Bottom of borehole at 52.6 feet.

Crockett GTL
1000 W Nifong Bivd. Bldg. #1 @%@%@%g?? PAGE 2 OF 2
Cdumha‘ MO 65203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilities PROJECT NAME CP190721 TPMC
PROJECT NUMBER (G18363.2 PROJECT LOCATION _Columbia, Missouri
w ATTERBERG
a _ |z ' sl umTs
z |8 MATERIAL DESCRIPTION Fr x| 0T |B (% s B
Eo|Eo @ u>J6 253 |F=|QelEg|RE 8} E
LE (<9 4= (2| 952 (ws|©C8|38 Hhi|2=|Fe(o
8|57 2 |38 8z |32 |z |25[33|%3 k2
=4 @595 |2z
z< | g |15 & |28 5=
45 a
WEATHERED SHALE: Gray, trace sand, moderately to
B severely weathered, hard (continued)
- B -- trace coal SPT ) 11 50/3" 49000 11
50 11
L] 52.0 690.0
- 5
LIMESTONE: Hard ,_682 P70 =T o

Figure 14: NextGen Borehole 21 (Continue)
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BORING NUMBER B-22

Crockett GTL
1000 W Nifong Blvd. Bldg. #1 @%@5@%5?? PAGE 1 OF 1
Cdumha‘ M065203 GEOTECHNICAL - TESTING LAB
Telephone: 573-447-0292
CLIENT _University of Missouri - Campus Facilties PROJECT NAME _CP190721 TPMC
PROJECT NUMBER _G18363.2 PROJECT LOCATION _Columbia, Missouri
DATE STARTED _1/28/19 COMPLETED _1/28/19 GROUND ELEVATION _745 ft MSL HOLE SIZE 4"
DRILLING CONTRACTOR _IPES GROUND WATER LEVELS:
DRILLING METHOD _4" SSA AT TIME OF DRILLING _—- Not Encountered
LOGGED BY _Grimm CHECKED BY _Lidholm AT END OF DRILLING _—- Not Encountered
NOTES _Borehole backfilled upon completion 0.25hrs AFTER DRILLING _-— Not Encountered
o ] ) ATTERBERG
o - 218 |z |5 |w g LIMITS
¢) ¢ |xT oy W s o=
ju o
E_|Zo MATERIAL DESCRIPTION E% U5l 323 2|3 Ee F—’E o le =
5E129 Oz |62| 932 |WE(CL2(58|gH|Sc|FE|OK
875" 23 |38] =82 [57|¢7 |5 (85|25 |43 52
< = - Z
AL 2 |5 |8 |28]="|="|32
0 =B
i ASPHALT (6-inches) 1445
i BASE ROCK (6-inches) AL 57 33E
UNCONTROLLED FILL: Sandy lean to fat clay, brown, 1] 4 ®) 22
I trace rust stains, trace gravel, loose —
- gravelly SPT 4 4-4-4 18
2 (8) L
B D s e s e e B e i 9810
LEAN TO FAT CLAY: Gray and brown, trace rust stains,
i _with sand to sandy, trace gravel, very stiff (glacial drift) __, 7365 —
i CLAYEY SAND: Light brown, medium dense (glacial drift) SET 19 ??2}6 5000 10
i 0L e e e e s s 1D
- ENS LEAN TO FAT CLAY: Light brown, trace gray, trace rust
15 Jo > _ stains, trace to with sand and gravel, very stiff (glacial drift)
P 185 7265
LIMESTONE: Hard SPT)_2 50/1"__\6500, 15
4

Split Spoon Refusal at 18.6 feet.
Auger Refusal at 18.8 feet.
Bottom of borehole at 18.8 feet.

SAMPLE LENGTH REPORT (TSF) - LAT-LONG TEMPLATE.GDT - 3/8/19 12:43 - V:\===PROJECTS===\GEOT PROJECTS\2018\G18363.1 - CP190721 TPMC\SUPPORTING DOCUMENTS.1\G18363.1.GPJ

Figure 15: NextGen Borehole 22
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APPENDIX A-9
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g ] — e [RES
o S 2 e A‘t;

Figure 1: Virginia Ave. Housing and Dining Complex boring plan (Aerial View),
prepared by Terracon
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.
LOG OF BORING NO. B-3
Page 1 of 2
CLIENT ARCHITECT / ENGINEER
UNIVERSITY OF MISSOURI - COLUMBIA
SITE PROJECT
COLUMBIA, MISSOURI VIRGINIA FIELD HOUSING AND DINING
1 SAMPLES TESTS
Q 3 £ o ol
S DESCRIPTION . 12 A IR £ |82 o _
Q = > | w ~ E ks EG w g
T r |94 2|z |xd| Z zZ> Besr
2 5 |8 2|45 |3 |82 2, |88 gE=
& | Approx. Surface Elev.: 766 ft 8 18| 2|F!&|5%a[33 58|35 | 232
ng 7" ASPHALT - HSA
=2 " CRUSH TON T84, .
~8 ED LIMESTONE GRAVET, ZCL! 1 |ST| 16 22.0| 105 | 6000"
FILL, lean to fat clay, trace sand, gravel —CH
and brick fragments, dark olive gray, brown —Cl] 2 [sT| 16 22.0| 104 [ 5000 | 42, 18, 24
and tan, very stiff = ’ T
L 1T B ) 20.0] 108 | 3700
LEAN CLAY, trace sard and gravel, with — HSA ]
sand and siit lenses, yellowish brown —CcLl 4 |ST! 14
mottied gray, jointed, stiff to very stiff = 3 s R
10
(Glacial Drift) = HSA
754 =
-
SILTY SAND, fine to coarse, trace clay, —
yeilowish brown, very dense —{SM| 5 [SS1 16| 63 [ 15.0
= HSA '
749! -
LEAN CLAY, trace sand and gravel, with - _
sand and silt lenses, yellowish brown ZCL 6 |SS| 18 28 210 7000
mottled gray, jointed, very stiff 20— HSA
(Glacial Drift) -
s gralig R ” —CL| 7 88|18 31 ;16.0 +9000
= HSA
¥ —CL| 8 [SS] 18| 42 [18.0 +9000*
o HSA
- grading yellowish brown to dark gray —CL| 9 |SS| 18| 38 |18.0 +9000*
35
Continued Next Page

The stratification lines represent the approximate boundary lines
between soil and rock types: in-situ, the transition may be gradual.

*Calibrated Hand Penetrometer

BOREHOLE (9015057 GPJ TERRACON GDT 10/8/01

WATER LEVEL OBSERVATIONS, ft BORING STARTED 8-7-01
WL T NONE WD ¥ 29 AB BORING COMPLETED 8-7-01
WL X ¥ 1rerr acon RIG MOBILE B-47 | FOREMAN  CRB
(we APPROVED WAB | JOB# 09015057

Figure 2: Virginia Ave. Housing and Dining Complex Borehole 3
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_—
LOG OF BORING NO. B-3
Page 2 of 2
CLIENT ARCHITECT / ENGINEER
UNIVERSITY OF MISSOURI - COLUMBIA
SITE PROJECT
COLUMBIA, MISSOURI VIRGINIA FIELD HOUSING AND DINING
{ SAMPLES TESTS
Q 5 s o QE
S DESCRIPTION |2 > . #1588 ¢
Q g€ |5£ e = ElE Tt ooz
= 2 wi >~ Z| = Lo a
T r |9 W > | zo |x@| 2 zZ> (-
£ 5 a1S|elg| 5|85 |38 B
5 4122|2252 |58|8x| 35| &34
B — HSA
& LEAN CLAY, trace sarid and gravel, dark -
G, gray, hard sl
297 —
--: gravell =
439 gRVEN 721 3T 110 |SS| 18| 183 | 8.0 +5000"
SHALE, weathered, gray - - HSA
422 LTI S ¥ TP R T
AUGER REFUSAL AT 42.2 FT,
BOTTOM OF BORING
“* Rock classification estimated from !
disturbed samples. Core samples and !
petrographic analysis rnay reveal other |
rock types } I
|
|
|
3 ;
g {
g |
¢ |
% |
f The stratification lines represent the approximate boundary lines *Calibrated Hand Penetrometer
| petween soil and rock types: in-situ, the transition may be gradual.
% WATER LEVEL OBSERVATIONS, ft BORING STARTED 8-7-01
g wL = NONE WD (Y 29 AB BORING COMPLETED 8-7-01
W -
3| WL I Y Err acon RIG MOBILE B-47 | FOREMAN  CRB
§LWL APPROVED WAB |JOB# 09015057

Figure 3: Virginia Ave. Housing and Dining Complex Borehole 3 Continue
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—
LOG OF BORING NO. B-5 Sagelf cllz
CLIENT ARCHITECT / ENGINEER
UNIVERSITY OF MISSOURI - COLUMBIA
SITE PROJECT
COLUMBIA, MISSQURI VIRGINIA FIELD HOUSING AND DINING
SAMPLES TESTS
2 o} i 3 a2
= DESCRIPTION . |12 = o] = = ar ! Q@
Q 2 | S|z i 24 _ElE 5| u £
T r |9 W >tzolaen| 2 Z> DT
7 = o @y 0 (2 (uE |2 Qu i<t
& G (83|89 |52|58|%s| 82| E5
G |Approx. Surface Elev.; 769 fi o |5|z|flx|sa|20|cl| 55| &S
s 7" ASPHALT — HSA
gl " CR IMESTON L 767.2 _
oo 9" CRUSHED LIMESTONE CRAVE oLl 18T 12 19.0[ 107 | 5510
oets FILL, lean clay, trace gravel, olive gray and —
/?)‘g dark gray mottled brown, very stiff —=CL| 2 [sTT 11 14.0] 113 | 8000*
958 —
XXX 5 764 5
// LEAN TO FAT CLAY, irace sand and —CL| 3 |ST|17 23.0| 103 | 2920
/ gravel, yellowish brown mottled gray, stiff —cH |
4 75 7815 T | FsA ;
LEAN CLAY, trace sand and gravel, with 3 GL| 4 a1 13 | 18:0/ 115 7060
sand and silt lenses, yellowish brown 10— I
mottled gray, very stiff : HSA i
(Glacial Drift) _:
i ) —CL| 5 |ST| 23 17.0 116 [+S000
- HSA
—{CL| 6 |88} 17| 24 180 9000*
G~ HSA
-2 with silt lenses —CL| 7 [ss]18] 15 [21.0 8000~
= FSA
—-|CL| 8 |SSj 18] 25 [210 +9000*
30 = ‘HS 2
b 4 )
i —CL| 9 |SS; 18| 50 |16.0 +9000"
35
Continued Next Page |

The stratification lines represent the aporoximate boundary lines
between soil and rock types: in-situ, th2 transition may be gradual.

*Caitbrated Hand Penetrometer

BOREHOLE 03015057.GP4 TERRACON GD1 10/5/04

WATER LEVEL OBSERVATIONS, ft BORING STARTED 8-8-01
WL [¥ 43 wD (Y 33 AB BORING COMPLETED 8-6-01
WL [T 2205HR AB|Y 1 rerr acnn RIG MOBILE B-47 | FOREMAN  CRB
[WL APPROVED WAB|JOB# 09015057/

Figure 4: Virginia Ave. Housing and Dining Complex Borehole 5
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RRACON GDT 10/9/01

BOTTOM COF BORING

** Rock classification estimated from
disturbed samples. Ccre samples and
petrographic analysis rnay reveal other
rock types

r m
LOG OF BORING NO. B-5 bage 202
CLIENT ARCHITECT / ENGINEER
UNIVERSITY OF MISSOURI - COLUMBIA
SITE PROJECT
COLUMBIA, MISSOURI VIRGINIA FIELD HOUSING AND DINING
SAMPLES TESTS
© o} L] 5 nZ
g DESCRIPTION |2 2| 4] & E 2z | 2 .
2 Z sk $lzg|edlz |32 8 %
3 Elolg|y| 828|852 | 88| e
g 8122|852 |58|%x| 36 | B33
47 3 HSA
I%; LEAN CLAY, yellowish brown, hard =
15137 732 il
/5 CLAYEY SAND, trace gravel, yellowish = |
,;"?; brown, extremely dense —SC| 10 [SS[ 12 [89/6" | 15.0
g 40
2 = HSA
ATy 727 7
% LEAN CLAY, trace sand and gravel, - —
é 7443.7 _yellowish brown mottled gray, hard 7255 -
2 _ **SHALE. weathered. light gray 725 — 11 |SS| 15 100/4" 130 +9000*
AUGER REFUSAL AT 44 2 FT.

TE

PJ

<

The stratification lines represent the approximate coundary lines
between soil and rock types: in-situ, the transition may be gradual.

*Calibrated Hand Penetrometer

§| WATER LEVEL OBSERVATIONS, ft BORING STARTED 8-6-01
g wL ]: 43 wbD (¥ 33 AB BORING COMPLETED 8-6-01
gl WL T22085HR AB|Y 1 rerr acnn RIG MOBILE B-47 | FOREMAN  CRB
glwLi APPROVED WAB|JOB# 08015057,

Figure 5: Virginia Ave. Housing and Dining Complex Borehole 5 (Continue)
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Y
LOG OF BORING NO. B-6 —
CLIENT ARCHITECT / ENGINEER
UNIVERSITY OF MISSOURI - COLUMBIA
SITE PROJECT
COLUMBIA, MISSOURI VIRGINIA FIELD HOUSING AND DINING
\ SAMPLES TESTS
Q 3 £ ° cl
4 DESCRIPTION - £l o« %8 18z 2 _
2 lal§ |Ylz0|cE|E |E2| BB
: SR R
! < - S
O {Approx. Surface Elev.: 763 ft a |82 |7 ¢ |%a|23|8%8| 35 | =24
Qg{ 8" ASPHALT 762.5) — HSA
-+ 8" CRUSHED LIMESTONE GRAVEL £81.5 —
7 LEAN CLAY, trace sand, gray mottled A CL| 1 |ST|19 525-0 101 | 3790
3 brown, stiff 760, TR | -
SILT, with fine sand, light brown, very stiff 3 2 o0} TE | 5000
758| . T
LEAN CLAY, trace sarid, light yellowish —CL| & |8T| 24 18011154 3000
brown, stiff . 4
55 3 HSA
LEAN CLAY, trace sarid and gravel, with —CL| 4 |ST| 20 15.0| 114 | 6500"
sand lenses, gray mottled reddish brown, 8
very stiff 10— HSA
(Glacial Drift) E
—{CL| 5 |ST| 22 21.0| 105 | 3000*
--2 with silt lenses, yellowish brown and ] =
gray, stiff = HSA
--: grading very stiff —CL| 6 |SS| 14 | 20 |18.0 5000* !
20
v = HSA
_ I
-: with sand lenses —CL| 7 |8S{12| 15 20.0§ 8000
= T
736 |
SILTY SAND, medium to coarse, with = _ f
gravel, light yellowish brown, extremely - —ISM| 8 |SS[ 18 106 :21.0
dense 30— !
— HSA [
731 -
LEAN CLAY, trace sand and gravel, dark ~
gray, hard | i
1 - CL 9 |SS| 18| 30 |[19.0 1 9000~
35 :
Continued Next Page ‘ |

The stratification lines represent the approximate boundary lines
between soil and rock types: in-situ, the transition may be gradual.

*Calibrated Hand Penetrometer

057 GPJ TERRACON GDT 10/9/04

B

fi WATER LEVEL OBSERVATIONS, ft BORING STARTED 8-6-01
g §[ WL < 28.5 wD (Y 21 AB BORING COMPLETED 8-6-01
gwLT v 1rerracnn RIG MOBILE B-47 | FOREMAN  CRB
& wL APPROVED WAB|JOB# 09015057

Figure 6: Virginia Ave. Housing and Dining Complex Borehole 6
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LOG OF BORING NO. B-6

Y

disturbed samples. Core samples and
petragraphic analysis rnay reveal other
rock types

Page 2 of 2
CLIENT ARCHITECT / ENGINEER
UNIVERSITY OF MISSOURI - COLUMBIA
SITE PROJECT
COLUMBIA, MISSOURI VIRGINIA FIELD HOUSING AND DINING
SAMPLES TESTS
© a £ sl | 08
S DESCRIPTION |2 > 4] ElF12F| B =
g e |25 e w < ElE zh T
T r |®|u > | zo | x| Z Z> D T
a Elg| 8 w8l 2 |ug|2 o uea
& & 83&3 £9 <OE*5 zE iy
I} O |D2|Z|F|lx|wd |3C|cd| 3w <52
Zf/_}f LEAN CLAY, trace sard and gravel, dark ] HSA
é‘;/;” gray, hard =
,)Q’ S—
% ]38.5 (Glacial Drift} 724.5 = I
985\ IMESTONE. weathered, dark gray j 1018S 1 [50/1"]
AUGER REFUSAL AT 38.6 FT.
BOTTOM OF BORING
** Rock classification estimated from

b

The stratification lines represent the approximate boundary lines

| Dbetween soil and rock types: in-situ, tha transition may be gradual.

"Calibrated Hand Penetrometer

BOREHOLE 09015057 GPJ TERRACON GOT 10/9/01

I WATER LEVEL OBSERVATIONS, ft BORING STARTED 8-6-01
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Figure 7: Virginia Ave. Housing and Dining Complex Borehole 6 (Continue)
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APPENDIX B

7 BH-1

Frequency {Hz)

Figure 1: HVSR plots from Ellis Library borehole 1
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Figure 2: HVSR plots from Ellis Library borehole 2
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Figure 3: HVSR plots from Ellis Library borehole 3
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Figure 4: HVSR plots from Ellis Library borehole 4
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Figure 5: HVSR plots from Gateway Residence Hall borehole 1

0— C | .
'}» 10
Frequency (Hz)

Figure 6: HVSR plots from Gateway Residence Hall borehole 2
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Figure 7: HVSR plots from Gateway Residence Hall borehole 6
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Figure 8: HVSR plots from Gateway Residence Hall borehole 7
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Figure 9: HVSR plots from Gateway Residence Hall borehole 11
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Figure 10: HVSR plots from Journalism Building borehole 2
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Figure 11: HVSR plots from Journalism Building borehole 5
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Figure 12: HVSR plots from Journalism Building borehole 6
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Figure 13: HVSR plots from Journalism Building borehole 7
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Figure 14: HVSR plots from Lee’s Hall borehole 1
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Figure 15: HVSR plots from Lee’s Hall borehole 2
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Figure 16: HVSR plots from Lee’s Hall borehole 3
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Figure 17: HVSR plots from Lee’s Hall borehole 5
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Figure 18: HVSR plots from Lee’s Hall borehole 6
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Figure 19: HVSR plots from Lee’s Hall borehole 8
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Figure 20: HVSR plots from Lee’s Hall borehole 11
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Figure 21: HVSR plots from Lee’s Hall borehole 13
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Figure 22: HVSR plots from Lee’s Hall borehole 14
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Figure 23: HVSR plots from Lee’s Hall borehole 15
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Figure 24: HVSR plots from Lee’s Hall borehole 18
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Figure 25: HVSR plots from MUHC borehole 1
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Figure 26: HVSR plots from MUHC borehole 2
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Figure 27: HVSR plots from MUHC borehole 3
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Figure 28: HVSR plots from MUHC borehole 4
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Figure 29: HVSR plots from MUHC borehole 5
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Figure 30: HVSR plots from MUHC borehole 6
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Figure 31: HVSR plots from MUHC borehole 7
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Figure 32: HVSR plots from MUHC borehole 8
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Figure 33: HVSR plots from MUHC borehole 9
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Figure 34: HVSR plots from MUHC borehole 10
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Figure 35: HVSR plots from MUHC borehole 11
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Figure 36: HVSR plots from MUHC borehole 12
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Figure 37: HVSR plots from MUHC borehole 13
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Figure 38: HVSR plots from SHSMO borehole 1
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Figure 39: HVSR plots from SHSMO borehole 2
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Figure 40: HVSR plots from SHSMO borehole 5
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Figure 41: HVSR plots from SHSMO borehole 7
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Figure 42: HVSR plots from SHSMO borehole 8
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Figure 43: HVSR plots from SHSMO borehole 9
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Figure 44: HVSR plots from SHSMO borehole 10
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Figure 45: HVSR plots from SHSMO borehole 13
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Figure 46: HVSR plots from SHSMO borehole 16
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Figure 47: HVSR plots from Stewart Hall borehole 1
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Figure 48: HVSR plots from Stewart Hall borehole 2
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Figure 49: HVSR plots from Stewart Hall borehole 2’
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Figure 50: HVSR plots from NextGen borehole 5
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Figure 51: HVSR plots from NextGen borehole 6
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Figure 52: HVSR plots from NextGen borehole 8
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Figure 53: HVSR plots from NextGen borehole 9
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Figure 54: HVSR plots from NextGen borehole 11
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Figure 55: HVSR plots from NextGen borehole 14
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Figure 56: HVSR plots from NextGen borehole 15
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Figure 57: HVSR plots from NextGen borehole 16
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Figure 58: HVSR plots from NextGen borehole 17
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Figure 59: HVSR plots from NextGen borehole 18
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Figure 60: HVSR plots from NextGen borehole 19
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Figure 61: HVSR plots from NextGen borehole 21
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Figure 62: HVSR plots from NextGen borehole 22
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Figure 63: HVSR plots from Virginia Ave Dining borehole 3
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Figure 64: HVSR plots from Virginia Ave Dining borehole 5
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Figure 65: HVSR plots from Virginia Ave Dining borehole 6
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APPENDIX C

The V; profile for soil can also be modeled with a power function relationship that

depends on the soil structure and composition (A) and effective stress (¢',):
Ve =A4(@")" (Ea. 2.1)
The exponent, m, can often be assumed to be about 0.25

If we assumed no water table, the unit weight of soil is ~ 120 pcf and the pressure is 2000

psf, the Eq. 2.1 can be expressed as:
V, = A(1202/2000)°25 (Eq. App. C-1)
V. = A(0.5)z%2° (Eq. App. C-2)
Where z is the depth and V; is shear wave velocity.

Average the V; through the slowness average equation, as presented below:

H

A
Zi
ZVL,

Vs ave = (Eg. 2.5)

where V 4 = average shear velocity; H = total sediment thickness; V; = shear velocity
at depth z; and Z;= sediment thickness.

If we used both Eqg. App. C-1 and Eq. 2.5, we obtained the following:

Vs,AVG = Z
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__ 0.5H*A
VS,AVG - sz°-75
0

__ 0.5H=A
Vsave = 075

Vs,AVG,slowness = O-S(A)HO'ZS (Eq App C'3)
Where H is the depth and V is shear wave velocity.

Average the 1, through the simple weighted average, as presented below:

ViZ;
Vs ave = 2 (Eq. 2.4)

where V; 4y¢is the average V; ; H is the total sediment thickness; V; is the Vs at depth z;
and Z; is the sediment thickness of individual layers.

If we used both Eq. App. C-1 and Eq. 2.4, we obtained the following:

v _ [ A(0.5)z%25dz
S, AVG — H

_ A(0.5) [z°%5dz

Vs.ave = :
Vs.ave = ) F{oH 211..2255

Vsave = %SHHLZS

e =55 (Eq. App. C-4)

The simple relationship, as expressed to be:

fr = Vsavc/4H (Eq. 2.3)
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where f,. is the resonant frequency, V; 4y is the average shear wave velocity of the layers
and the H is sediment thickness.

Use the Eq. 2.3 and Eq. App. C-3, the slowness average can be expressed as:

_ 0.5(A)H"?"
o AH
0.5(A)H~°75
fr= 4

f. = 0.125AH°75

H—0.75 — ﬁ
0.125(4)
by f;-_4/3
0.125-+/3 (4-%73)
H = A3(0.125%/3) f.~4/3 (Eq. App. C-5)
H = A f,~133 (Eq. App. C-5)

Assuming A is ~700 ft/s based on Stokoe et al. (2014), the Eq. App. C-5 can be
expressed as:

H =388 f,~ 133 (Eq. App. C-6)

Use the Eq. 2.3 and Eq. App. C-4, the weighted average can be expressed as:

0.5(4)H025
fr =125 van
0.5(4)H%25
fr=""¢n
_ 0.5(A)H"7
T 6
075 — fr
0.083(4)
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ﬁ-_4/3

H = 508373479
H = A3(0.0834/3) f.~4/3 (Eq. App. C-7)
H = A f,~1333 (Eq. App. C-7)

Assuming A is ~700 ft/s based on Stokoe et al. (2014), the Eq. App. C-5 can be
expressed as:

H =288 f,~ 1333 (Eq. App. C-8)
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APPENDIX D
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Figure 1: Ellis Library Borehole 1
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Figure 2: Ellis Library Borehole 2
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Figure 3: Ellis Library Borehole 3
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Figure 4: Ellis Library Borehole 4
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Figure 5: Gateway Borehole 1
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Figure 6: Gateway Borehole 2
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Figure 7: Gateway Borehole 6
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Figure 8: Gateway Borehole 7
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Figure 9: Gateway Borehole 11
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Figure 10: Journalism Borehole 2
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Figure 11: Journalism Borehole 5
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Figure 12: Journalism Borehole 6
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Figure 13: Journalism Borehole 7
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Figure 14: Lee’s Hall borehole 1
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Figure 15: Lee’s Hall borehole 2
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Figure 16: Lee’s Hall borehole 3
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Figure 17: Lee’s Hall borehole 5
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Figure 18: Lee’s Hall borehole 6

237



Azimuth (degrees)

| | | [ | [ |
6 8 10
Frequency (Hz)

4
H/V

Figure 19: Lee’s Hall borehole 8
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Figure 20: Lee’s Hall borehole 11
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Figure 21: Lee’s Hall borehole 13
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Figure 22: Lee’s Hall borehole 14
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Figure 23: Lee’s Hall borehole 15
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Figure 24: Lee’s Hall borehole 18
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Figure 25: MUHC borehole 1
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Figure 26: MUHC borehole 2
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Figure 27: MUHC borehole 3
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Figure 28: MUHC borehole 4
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Figure 29: MUHC borehole 5
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Figure 30: MUHC borehole 6

249



Azimuth (degrees)

| | | | [ ‘ [ ‘
4 6 8 10
Frequency (Hz)

Figure 31: MUHC borehole 7
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Figure 32: MUHC borehole 8
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Figure 33: MUHC borehole 9
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Figure 34: MUHC borehole 10
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Figure 35: MUHC borehole 11
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Figure 36: MUHC borehole 12
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Figure 37: MUHC borehole 13
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Figure 38: SHSMO borehole 1
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Figure 39: SHSMO borehole 2
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Figure 40: SHSMO borehole 5
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Figure 41: SHSMO borehole 7

260



Azimuth (degrees)

|\I\‘\\\‘III‘ ‘
4 6 8 10 20

Frequency (Hz)

|
0 2 4 6
H/V

Figure 42: SHSMO borehole 8
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Figure 43: SHSMO borehole 9
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Figure 44: SHSMO borehole 10

263




Azimuth (degrees)

| II|III‘\I\‘ ‘
4 6 8 10 20

Frequency (Hz)

T T
0 1 2 3 4 5
H/V

Figure 45: SHSMO borehole 13
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Figure 46: SHSMO borehole 16
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Figure 47: Stewart Hall borehole 1
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Figure 48: Stewart Hall borehole 2
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Figure 49: Stewart Hall borehole 2’
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Figure 50: Virginia Ave Dining borehole 3
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Figure 51: Virginia Ave Dining borehole 5
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Figure 52: Virginia Ave Dining borehole 6
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Figure 53: NextGen borehole 5
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Figure 54: NextGen borehole 6 Figure 53: NextGen borehole 5
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Figure 55: NextGen borehole 8
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Figure 56: NextGen borehole 9
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Figure 57: NextGen borehole 11
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Figure 58: NextGen borehole 14
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Figure 59: NextGen borehole 15
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Figure 60: NextGen borehole 16
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Figure 61: NextGen borehole 17
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Figure 62: NextGen borehole 18
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Figure 63: NextGen borehole 19
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Figure 64: NextGen borehole 21
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Figure 65: NextGen borehole 22
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