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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 
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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 
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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 
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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. 
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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 
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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.
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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 (𝑉𝑠) 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 
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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 0 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.  

 

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 
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and sand), however, these are the three main layers of interest for this study. As part of 

this study, only limited 𝑉𝑠 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 𝑉𝑠

of these materials can be estimated, as presented below. Based on the information 

described below, a simplified, general 𝑉𝑠 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 𝑉𝑠 of the fill and soil depend on soil structure, soil type, void ratio, and the

effective stress. A general relationship can be expressed as: 

𝑉𝑠 = 𝐴(𝜎′
𝑣)𝑚 (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,𝐴𝑉𝐺) of the soil/fill 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 𝑉𝑠 of

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

2.3.2 Shale 

The 𝑉𝑠 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 𝑉𝑠 of shale in Missouri and the variable degree of weathering and
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fracturing in the rock, it is expected that 𝑉𝑠 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 𝑉𝑠 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 𝑉𝑠 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 𝑉𝑠 of limestone of around 5000

ft/s or greater.  

Figure 2. 2 Representative 𝑉𝑠 profile of the study area with expected range of 𝑉𝑠  values
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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. 

 

Figure 2.3 The HVSR ambient noise record showing the auto selected number of 

windows (23 windows) for Ellis Library BH 1 
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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 (f0) 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 

Chávez-García 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 𝑉𝑠, as: 

𝑓𝑟 = 𝑉𝑠/4𝐻                                       (Eq. 2.2) 

where the 𝑓𝑟 is the resonant frequency of vertically propagating shear waves, 𝑉𝑠 is the 

shear wave velocity and the 𝐻  is sediment thickness. 

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

possible to infer the depth to bedrock from the HVSR measurements. If the 𝑉𝑠 of the soil 
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changes with depth (as is usually the case), then the following approximate relationship 

can be used: 

𝑓𝑟 = 𝑉𝑠,𝐴𝑉𝐺/4𝐻  (Eq. 2.3) 

where 𝑓𝑟 is the resonant frequency, 𝑉𝑠,𝐴𝑉𝐺 is the average shear wave velocity of the layers

and the 𝐻  is sediment thickness. 

Two averaging methods to estimate the 𝑉𝑠,𝐴𝑉𝐺 of the materials have been used in

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

𝑉𝑠,𝐴𝑉𝐺 =
∑ 𝑉𝑖𝑍𝑖

𝐻
   (Eq. 2.4) 

where 𝑉𝑠,𝐴𝑉𝐺is the average 𝑉𝑠 ; 𝐻 is the total sediment thickness; 𝑉𝑖 is the VS at depth z;

and 𝑍𝑖 is the sediment thickness of individual layers.

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

presented below: 

𝑉𝑠,𝐴𝑉𝐺 =
𝐻

∑
𝑍𝑖
𝑉𝑖

 (Eq. 2.5) 

where 𝑉𝑠,𝐴𝑉𝐺 = average shear velocity; 𝐻 = total sediment thickness; 𝑉𝑖 = shear velocity

at depth z; and 𝑍𝑖= 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. 

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 

Peak 

Peak 
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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 km2 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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 Fäh (1997) studied and developed a qualitative micronation map for the city of 

Basel, where the city has suffered multiple earthquakes in the past centuries. Fäh 

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 𝑉𝑠,𝐴𝑉𝐺  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 𝑉𝑠,𝐴𝑉𝐺 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 𝑉𝑠,𝐴𝑉𝐺 was clearly a function of sediment 

thickness. 

Goetz and Rosenblad (2009) performed HVSR measurements to explain different 

estimates of 𝑉𝑠,𝐴𝑉𝐺  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,𝐴𝑉𝐺 estimation from Bodin (2001) about 25% higher. These results showed the 

limitations of the 𝑓𝑟 = 𝑉𝑠/4ℎ approach for estimating 𝑉𝑠,𝐴𝑉𝐺 of more complex profiles. 
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Figure 2. 6 𝑉𝑠 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 

(𝑓𝑟) of soil and sedimental thickness (ℎ) of the following form:

ℎ = 𝑎𝑓𝑟
𝑏

  (Eq. 2.6) 

where 𝑎 and 𝑏 are unknown regression coefficients. 

The basis for this relationship comes from the simple formulation between the 𝑓𝑟

of a flat-lying sediment layer with an average shear velocity of 𝑉𝑠,𝐴𝑉𝐺  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 𝑉𝑠 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 R2 

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 𝑉𝑠 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−1.268     (Eq. 2.7) 

In addition to Eq 2.7, this relationship may relate to shear velocity in the following form: 

𝑉𝑠 = 222.57 𝑓−0.268     (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 𝑉𝑠 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 𝑉𝑠 while the rock has a fixed 𝑉𝑠. 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,𝐴𝑉𝐺 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.  

 

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. 

 

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



20 

 

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 (β1/ β2) and 

Poisson’s Ratio (υ1) 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 (𝑓𝑝)/(𝑓𝑟) as a function of υ1 and β1/ β2. 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 (𝑓𝑝)/(𝑓𝑟) as a function of trough/peak and β1/ β2. 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 𝑉𝑠 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. 

 

  



23 

 

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.  



24 

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. 

 

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 

Name 

Approximate 

Coordinate 

Elevation 

(Boring) 

(1983)(ft) 

Elevation 

(LiDAR) 

(2015)(ft) 

Change in 

Elevation 

(ft) 

Depth 

to 

Shale 

*(ft) 

Depth to 

Limestone 

(ft) 

Depth to 

Refusal 

(ft) 

B-1 38°56'38.01"N 

92°19'35.52"W 

765 764.8 0.2 NP 41.3 41.3 

B-2 38°56'37.99"N 

92°19'37.47"W 

765 763.6 1.4 NP 39.6 39.6 

B-3 38°56'37.62"N 

2°19'33.15"W 

764 764.9 -0.9 NP 37.4 37.4 

B-4 38°56'39.22"N 

92°19'37.20"W 

761 759 2 NP 41.5 41.5 

*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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Figure 3. 3 Gateway Residence Hall boring plan (Aerial View), prepared by Terracon 

Consulting Engineers & Scientists. Red square indicates location of HVSR measurements 

for this study 

Table 3. 2  Depth to rock summary for Gateway Residence Hall boreholes 

Borehole 

Name 

Approximate 

Coordinate 

Elevation 

(Boring) 

(2012)(ft) 

Elevation 

(LiDAR) 

(2015)(ft) 

Change in 

Elevation 

(ft) 

Depth 

to 

Shale 

*(ft) 

Depth to 

Limestone 

(ft) 

Depth to 

Refusal 

(ft) 

B-1 38°56'19.70"N  

92°19'24.21"W 

750 749 1 NP 25 25.3 

B-2 38°56'18.67"N  

92°19'24.55"W 

750 746.9 3.1 20.4 29.7 39.7 

B-6 38°56'18.58"N  

92°19'20.57"W 

760.5 756.8 3.7 NP 28.8 38.8 

B-7 38°56'19.55"N  

92°19'20.82"W 

761 757.7 3.4 36.1 41.6 44.6 

B-11 38°56'18.37"N  

92°19'21.64"W 

762 760.7 1.3 NP 31.7 32 

*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. 

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 

Borehole 

Name  

Approximate 

Coordinate 

Elevation 

(Boring) 

(2004)(ft) 

Elevation 

(LiDAR) 

(2015)(ft) 

Change 

in 

Elevation 

(ft) 

Depth 

to Shale 

*(ft)  

Depth to 

Limestone 

(ft)  

Depth 

to 

Refusal 

(ft) 

B-2 38°56'50.38"N，
92°19'39.90"W 

740.6 744 -3.4 NP 24.4 24.5 

B-5 38°56'49.96"N，
92°19'39.90"W 

743.3 743.3 -0.1 25.0 26.1 26.2 

B-6 38°56'48.83"N， 

92°19'41.48"W 

741.3 741.7 -0.4 27.0 43.9 43.9 

B-7 38°56'48.82"N， 

92°19'40.51"W 

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 

Name 

Approximate 

Coordinate 

Elevation 

(Boring) 

(1992)(ft) 

Elevation 

(LiDAR) 

(2015)(ft) 

Change in 

Elevation 

(ft) 

Depth 

to Shale 

*(ft)  

Depth to 

Limestone 

(ft)  

Depth to 

Refusal 

*(ft) 

B-1 
38°56'55.96"N, 

92°19'43.89"W 
729.9 729.2 0.7 14.3 15.3 18.5 

B-2 
38°56'54.97"N, 

92°19'46.51"W 
N/A 720.7 N/A 9 13 18.2 

B-3 
38°56'54.91"N, 

92°19'44.74"W 
725.6 724.5 1.1 13.9 18.9 21.8 

B-5 
38°56'55.90"N, 

92°19'45.32"W 
727 724.7 2.3 10.7 13.7 NP 

B-6 
38°56'54.94"N, 

92°19'45.47"W 
724.5 723 1.5 NP 12.5 NP 

B-8 
38°56'55.45"N, 

92°19'46.76"W 
N/A 718.7 N/A 8 16.5 16.7 

B-11 
38°56'55.48"N, 

92°19'43.89"W 
729.3 727.9 1.4 18.1 19.6 NP 

B-13 
38°56'56.03"N, 

92°19'44.55"W 
728.9 730.2 -1.3 15.3 24.8 NP 

B-14 
38°56'55.72"N, 

92°19'46.68"W 
720.4 718.4 2 6.5 8.2 NP 

B-15 
38°56'55.92"N, 

92°19'45.73"W 
726.4 720.3 6.1 7.9 13.4 NP 

B-18 
38°56'55.99"N, 

92°19'46.52"W 
719.6 N/A N/A 8.5 10.2 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. 

 

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 
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Table 3. 5 Depth to rock summary for The State Historical Society of Missouri Center for 

Missouri Studies (SHSMO) boreholes** 

Borehole 

Name 

Approximate 

Coordinate 

Elevation 

(Boring) 

(2016)(ft) 

Depth to 

Shale 

*(ft) 

Depth to 

Limestone 

*(ft) 

Depth to 

Refusal 

*(ft) 

B-1 
38°56'57.73"N, 

92°19'50.01"W 
715.3 11.5 16.0 18.0 

B-2 
38°56'56.53"N, 

92°19'49.93"W 
710.5 NP 11.0 19.5 

B-5 
38°56'55.17"N, 

92°19'47.70"W 
718.7 24.0 NP NP 

B-7 
38°56'57.86"N, 

92°19'49.67"W 
715.5 9.5 17.5 18.0 

B-8 
38°56'57.19"N, 

92°19'50.24"W 
713.4 NP 10.5 11.0 

B-9 
38°56'56.68"N, 

92°19'50.61"W 
709.9 NP 11.5 12.2 

B-10 
38°56'56.68"N, 

92°19'49.41"W 
711.7 NP 11.0 11.5 

B-13 
38°56'56.15"N, 

92°19'47.70"W 
716.2 10.0 9.0 12.5 

B-16 
38°56'55.63"N, 

92°19'47.66"W 
717.5 10.0 16.0 16.0 

*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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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 

Borehole 

Name 

Approximate 

Coordinate 

Elevation 

(Boring) 

(2015)(ft) 

Elevation 

(LiDAR) 

(2015)(ft) 

Change in 

Elevation 

(ft) 

Depth 

to 

Shale 

(ft) 

Depth to 

Limestone 

*(ft) 

Depth to 

Refusal 

*(ft) 

B-1 
38°56'43.05"N, 

92°19'27.70"W 
764 762.8 1.2 36.8 50.3 50.8 

B-2 
38°56'42.08"N, 

92°19'27.60"W 
762 762.9 -0.9 39.9 40.9 41.4 

B-2* 
38°56'42.87"N, 

92°19'28.82"W 
761 761 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-7. 



37 

 

 

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  
Approximate 

Coordinate 

Depth to Shale 

(ft) 

Depth to Limestone 

(ft)  

Depth to Refusal 

(ft) 

B-1 
 38°56'20.68"N, 

92°19'34.64"W 
33.0 39.0 39.0 

B-2 
 38°56'20.58"N, 

92°19'33.60"W 
33.0 50.0 53.6 

B-3 
 38°56'20.71"N, 

92°19'32.23"W 
27.0 53.6 53.6 

B-4 
 38°56'20.12"N, 

92°19'34.21"W 
25.0 33.0 33.0 

B-5 
 38°56'20.17"N, 

92°19'33.13"W 
24.0 47.5 47.5 

B-6 
 38°56'19.77"N, 

92°19'34.66"W 
24.0 33.0 33.0 

B-7 
 38°56'19.47"N, 

92°19'33.62"W 
33.0 39.0 39.0 

B-8 
 38°56'19.53"N, 

92°19'32.41"W 
25.0 28.5 28.5 

B-9 
 38°56'19.13"N, 

92°19'35.19"W 
25.5 49.6 48.6 

B-10 
 38°56'19.32"N, 

92°19'32.61"W 
38.8 33.7 33.7 

B-11 
 38°56'19.07"N, 

92°19'32.24"W 
28.0 35.0 40.0 

B-12 
 38°56'19.01"N, 

92°19'31.75"W 
NP** 27.5 27.5 

B-13 
  38°56'17.73"N, 

92°19'26.65"W 
NP** 18.5 18.8 

**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. 

 

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 

Coordinate 

Depth to Shale  

*(ft)  

Depth to 

Limestone *(ft) 

Depth to Refusal 

*(ft) 

B-5 
38°93‘86.33''N, 

92°32'38.72°W 
23.5 NP NP 

B-6 
 38°93'84.94''N, 

92°32'42.70''W 
23 25.5 26.0 

B-8 
 38°93'81.23''N, 

92°32'44.30''W 
NP 16.5 17.0 

B-9 
 38°93'83.04''N, 

92°32'38.75''W 
25 NP NP 

B-11 
 38°93'78.02''N, 

92°32'38.78''W 
26 NP NP 

B-14 
 38°93'84.04''N, 

92°32'47.92''W 
16 20.5 21.0 

B-15 
 38°93'84.01''N, 

92°32'44.00''W 
18.0 22.5 23.0 

B-16 
 38°93'83.57''N, 

92°32'42.03''W 
21.0 32.5 33.0 

B-17 
 38°93'80.58''N, 

92°32'46.46''W 
NP 17.0 18.6 

B-18 
 38°93'79.43''N, 

92°32'45.56''W 
NP 17.5 18.7 

B-19 
 38°93'79.34''N, 

92°32'40.79''W 
NP 24 24.5 

B-21 
 38°93'85.06''N, 

92°32'39.73''W 
23.0 52.0 52.5 

B-22 
 38°93'85.06''N, 

92°32'39.73''W 
23.0 52.0 52.5 

*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. 

 

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 

Borehole 

Name  

Approximate 

Coordinate 

Elevation 

(boring) 

(2001)(ft) 

Elevation 

(LiDAR) 

(2015)(ft) 

Change 

in 

Elevation 

(ft) 

Depth 

to 

Shale 

(ft) 

Depth to 

Limestone 

(ft)* 

Depth to 

Refusal 

(ft) 

B-3 
38°56'26.60"N, 

92°19'23.56"W 
766 768 0 39 NP 42.2 

B-5 
38°56'26.63"N, 

38°56'26.63"N 
769 770 1 44.2 NP 44.2 

B-6 
38°56'26.95"N, 

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 I-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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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 



46 

 

“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 

3.5 in. 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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(a)       (b)  

       

(c)       (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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Foot 

level 
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Figure 4. 3 The SignalCalc Ace 2.4 interface set-up window for ambient noise collection. 

All important parameters are squared. 

 

 

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 

Name 

Measurement 

Date 

Surface 

Condition 

Noise 

Environment 

 Location 

Name 

Measuremen

t Date 

Surface 

Condition 

Noise 

Environment 

Ellis BH-

1 

11/20/2020 Soil No traffic  SHSMO 

BH-1 

11/23/2022 Pavement Light traffic 

Ellis BH-

2 

11/20/2020 Pavement No traffic  SHSMO 

BH-2 

11/23/2022 Pavement Light traffic 

Ellis BH-

3 

11/20/2020 Soil No traffic  SHSMO 

BH-5 

11/23/2022 Pavement Light traffic 

Ellis BH-

4 

11/20/2020 Brick No traffic  SHSMO 

BH-7 

11/23/2022 Pavement Light traffic 

Gateway 

BH-1 

11/21/2020 Pavement Light traffic  SHSMO 

BH-8 

11/23/2022 Pavement Light traffic 

Gateway 

BH-2 

11/21/2020 Soil Light traffic  SHSMO 

BH-9 

11/23/2022 Pavement Light traffic 

Gateway 

BH-6 

11/21/2020 Pavement Light traffic  SHSMO 

BH-10 

11/23/2022 Pavement Light traffic 

Gateway 

BH-7 

11/21/2020 Pavement No traffic  SHSMO 

BH-13 

11/23/2022 Pavement Light traffic 

Gateway 

BH-11 

11/21/2020 Soil No traffic  SHSMO 

BH-16 

11/23/2022 Pavement Light traffic 

Journalis

m BH-2 

11/21/2020 Pavement Light traffic  Stewart 

BH1 

11/20/2020 Pavement No traffic 

Journalis

m BH-5 

11/21/2020 Pavement Light traffic  Stewart 

BH2 

11/20/2020 Pavement No traffic 

Journalis

m BH-6 

11/21/2020 Pavement Light traffic  Stewart 

BH2' 

11/20/2020 Brick No traffic 

Journalis

m BH-7 

11/21/2020 Soil Light traffic  MUHC 

BH-1 

3/10/2021 Soil Light traffic 

Lee's Hall 

BH-1 

11/22/2022 Pavement High traffic  MUHC 

BH-2 

3/10/2021 Soil Light traffic 

Lee's Hall 

BH-2 

11/22/2022 Soil Light traffic  MUHC 

BH-3 

3/10/2021 Soil Light traffic 

Lee's Hall 

BH-3 

11/22/2022 Pavement High traffic  MUHC 

BH-4 

3/10/2021 Pavement Light traffic 

Lee's Hall 

BH-5 

11/22/2022 Pavement No traffic  MUHC 

BH-5 

3/10/2021 Pavement Light traffic 

Lee's Hall 

BH-6 

11/22/2022 Pavement Light traffic  MUHC 

BH-6 

3/10/2021 Pavement Light traffic 

Lee's Hall 

BH-8 

11/22/2022 Soil Light traffic  MUHC 

BH-7 

3/10/2021 Pavement Light traffic 

Lee's Hall 

BH-11 

11/22/2022 Pavement Light traffic  MUHC 

BH-8 

3/10/2021 Pavement Light traffic 

Lee's Hall 

BH-13 

11/22/2022 Pavement No traffic  MUHC 

BH-9 

3/10/2021 Pavement Light traffic 

Lee's Hall 

BH-14 

11/22/2022 Pavement No traffic  MUHC 

BH-10 

3/10/2021 Pavement Light traffic 

Lee's Hall 

BH-15 

11/22/2022 Pavement No traffic  MUHC 

BH-11 

3/10/2021 Pavement Light traffic 

Lee's Hall 

BH-18 

11/22/2022 Pavement No traffic  MUHC 

BH-12 

3/10/2021 Pavement Light traffic 
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Table 4.1 Continued. 

Location 

Name 
Measurement 

Date 
Surface 

Condition 
Noise 

Environment 
 Location 

Name 
Measurement 

Date 
Surface 

Condition 
Noise 

Environment 

MUHC 

BH-13 

3/10/2021 Pavement Light traffic  Nextgen 

BH18 

5/10/2019 Pavement No traffic 

Nextgen 

BH-5 

5/10/2019 Pavement No traffic  Nextgen 

BH19 

5/10/2019 Pavement No traffic 

Nextgen 

BH-6 

5/10/2019 Pavement No traffic  Nextgen 

BH21 

5/10/2019 Pavement No traffic 

Nextgen 

BH-8 

5/10/2019 Pavement No traffic  Nextgen 

BH22 

5/10/2019 Pavement No traffic 

Nextgen 

BH-9 

5/10/2019 Pavement No traffic  Virginia 

BH-3 

11/23/2022 Pavement No traffic 

Nextgen 

BH11 

5/10/2019 Pavement No traffic  Virginia 

BH-5 

11/23/2022 Pavement No traffic 

Nextgen 

BH14 

5/10/2019 Pavement No traffic  Virginia 

BH-6 

11/23/2022 Pavement No traffic 

Nextgen 

BH15 

5/10/2019 Pavement No traffic      

Nextgen 

BH16 

5/10/2019 Pavement No traffic      

Nextgen 

BH17 

5/10/2019 Pavement No traffic      

 

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 0.5 to 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 Values 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 3 to 30 Hz 
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Figure 4. 6 Spectral HVSR ratio developed from the squared average method using 600 s 

(10 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 (𝑓𝑝) 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 

Peak 
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Spectrum 

Standard Deviation of (𝑓𝑝) 

Standard 
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Amplitude 

of the peak 
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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. 

 

(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 (𝑓𝑧), the standard deviation of the amplitude of the trough (𝑆𝑇𝐷, 𝐴𝑧), 

the standard deviation of the amplitude of the peak (𝑆𝑇𝐷, 𝐴𝑝), the standard deviation of 

frequency of the peak (𝑆𝑇𝐷, 𝑓𝑝), the amplitude ratio between peak and trough (𝐴𝑝/𝐴𝑧), 

and the frequency ratio between peak and trough (𝑓𝑝/𝑓𝑧). 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). 

Peak value 
Peak value  
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Figure 4. 8: The HVSR plot from The Ellis Library BH1. The trough (𝑓𝑧), the standard 

deviation of the amplitude of the trough(𝑆𝑇𝐷, 𝐴𝑧), the standard deviation of the 

amplitude of the peak(𝑆𝑇𝐷, 𝐴𝑝), the standard deviation of frequency of the 

peak(𝑆𝑇𝐷, 𝑓𝑝), the amplitude ratio between peak and trough(𝐴𝑝/𝐴𝑧), and the frequency 

ratio between peak and trough(𝑓𝑝/𝑓𝑧) 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 
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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 

HVSR peak 

(Hz) 

Standard 

Deviation 

(Hz) 

 
Location Name Frequency 

of HVSR 

peak (Hz) 

Standard 

Deviatio

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 1.11 
 

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 4.51 
 

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 (𝑉𝑠)  for an ideal two-layer profile, 

consisting of uniform soil with constant velocity over rigid bedrock: 

 𝑓𝑟 = 𝑉𝑠/4𝐻                                       (Eq. 2.1) 

Where the 𝑓𝑟 is the resonant frequency, 𝑉𝑠 is the shear wave velocity and the 𝐻  is 

sediment thickness. 

This relationship can be rearranged into the power function form: 

𝐻 = 0.25𝑉𝑠 ∗ 𝑓𝑟
−1

                                   (Eq. 5.1) 

 where the 𝐻 is sediment thickness, 𝑉𝑠 is shear wave velocity and 𝑓𝑟 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 𝑉𝑠 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 = 𝑎 ∗ 𝑓𝑟
𝑏

                                     (Eq. 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 

 
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. 



62 

 

 

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.  

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 BH1 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 0 ft.). All four power function fits are plotted in Figure 

5.8. 

 
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 

Power Function  

“𝒃” coefficient of 

the Power Function 

Soil over limestone  

(0 ft of shale) (Control) 

339 -1.288 

Soil over shale over limestone  

(Shale thickness: 0.5-5 ft) 

216 -1.081 

Soil over shale over limestone  

(Shale thickness: 5.5-10 ft) 

291 -1.143 

Soil over shale over limestone  

(Shale thickness: beyond 10 ft) 

542 -1.302 

 

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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Figure 5. 9 Frequency ratio of trough/peak vs. standard deviation of the peak frequency 

(top) and frequency ratio of trough/peak vs. amplitude ratio of peak/trough (bottom) 
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Figure 5. 10 Standard deviation of the peak frequency vs. amplitude of peak/trough (top) 

and frequency ratio of trough/peak vs. amplitude of the trough (bottom) 
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Figure 5. 11 Frequency ratio of trough/peak vs. standard deviation of the amplitude of the 

peak frequency 

 

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. 

 

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 (𝑓𝑟), the depth to bedrock (𝐻), and shear wave velocity (𝑉𝑠) for a two-layer system 

can be expressed as: 

 𝐻 = 0.25𝑉𝑠 ∗ 𝑓𝑟
−1

                               (Eq. 5.1) 

This equation can be rewritten into a more general term as: 

𝐻 = 𝑎 ∗ 𝑓𝑟
𝑏

                                    (Eq. 5.2) 

where 𝑎 and 𝑏 are unknown regression coefficients. 

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

that depends on the soil structure and composition (A) and effective stress (𝜎′
𝑣): 

𝑉𝑠 = 𝐴(𝜎′
𝑣)𝑚     (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 = 𝑎 ∗ 𝑓𝑟
−1.33

                                    (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) 
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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 
Relationship names & Reference 

a (ft) a (meters) b 

382 116 -1.367 Depth to first rock encountered relationship 

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 (𝑉𝑠) of soil above shale is more variable than the 𝑉𝑠 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,𝐴𝑉𝐺) 

above the limestone due to shale layer, where the higher-velocity shale layer will shift the 

𝑉𝑠,𝐴𝑉𝐺 to values that are greater than expected for a typical soil profile. The higher 𝑉𝑠,𝐴𝑉𝐺  

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 𝑉𝑠,𝐴𝑉𝐺 above the soil/rock 

interface due to shale layer. This change in 𝑉𝑠,𝐴𝑉𝐺  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 0 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.   

Frequency 

peak 
Frequency 

peak 
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Figure 6. 2 The peak frequency used in this study (black dash line) and the percent 

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,𝐴𝑉𝐺) 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 

 

Figure 1: Gateway Residents Hall boring plan (Aerial View), prepared by Terracon 

Consulting Engineers & Scientists 
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Figure 2: Ellis Library Borehole 1 
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Figure 3: Ellis Library Borehole 1 (Continue) 
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Figure 4: Ellis Library Borehole 1 (Continue) 
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Figure 5: Ellis Library Borehole 2 
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Figure 5: Ellis Library Borehole 2 (Continue) 
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Figure 6: Ellis Library Borehole 2 (Continue) 



100 

 

 

Figure 7: Ellis Library Borehole 3 
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Figure 8: Ellis Library Borehole 3 (Continue) 
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Figure 9: Ellis Library Borehole 4 
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Figure 10: Ellis Library Borehole 4 (Continue) 
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APPENDIX A-2 

 

Figure 1: Gateway Residents Hall boring plan (Aerial View), prepared by Terracon Consulting 

Engineers & Scientists 
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Figure 2: Gateway Residents Hall Borehole 1 
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Figure 3: Gateway Residents Hall Borehole 2 
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Figure 4: Gateway Residents Hall Borehole 
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Figure 5: Gateway Residents Hall Borehole 7 
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Figure 6: Gateway Residents Hall Borehole 11 
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APPENDIX A-3 

 

Figure 1:  Donald W. Reynolds Journalism boring plan (Aerial View), prepared by 

Engineering Surveys and Services 
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Figure 2: Donald W. Reynolds Journalism Borehole 2 
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Figure 3: Donald W. Reynolds Journalism Borehole 5 
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Figure 4: Donald W. Reynolds Journalism Borehole 6 
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Figure 5: Donald W. Reynolds Journalism Borehole 7 

 

 



115 

 

APPENDIX A-4 

 

Figure 1:  Lee Hills Hall boring plan (Aerial View), prepared by Engineering Surveys 

and Services 
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Figure 2: Lee Hills Hall Borehole 1 
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Figure 3: Lee Hills Hall Borehole 2 
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Figure 4: Lee Hills Hall Borehole 3 



119 

 

 

Figure 5: Lee Hills Hall Borehole 5 
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Figure 6: Lee Hills Hall Borehole 6 
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Figure 7: Lee Hills Hall Borehole 8 
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Figure 8: Lee Hills Hall Borehole 11 
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Figure 9: Lee Hills Hall Borehole 13 
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Figure 10: Lee Hills Hall Borehole 14 
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Figure 11: Lee Hills Hall Borehole 15 
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Figure 12: Lee Hills Hall Borehole 16 
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Figure 13: Lee Hills Hall Borehole 18 
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APPENDIX A-5 
 

 

Figure 1:  Missouri Studies and State Historic Building boring plan (Aerial View), 

prepared by Engineering Surveys and Services 
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Figure 2: Missouri Studies and State Historic Building Borehole 1 
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Figure 3: Missouri Studies and State Historic Building Borehole 2 
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Figure 4: Missouri Studies and State Historic Building Borehole 5 
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Figure 5: Missouri Studies and State Historic Building Borehole 7 
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Figure 6: Missouri Studies and State Historic Building Borehole 8 
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Figure 7: Missouri Studies and State Historic Building Borehole 9 
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Figure 8: Missouri Studies and State Historic Building Borehole 10 
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Figure 9: Missouri Studies and State Historic Building Borehole 13 
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Figure 10: Missouri Studies and State Historic Building Borehole 16 

 



138 

 

APPENDIX A-6 

 

Figure 1: Stewart Hall boring plan (Aerial View), prepared by Crockett 
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Figure 2: Stewart Hall Borehole 1 
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Figure 3: Stewart Hall Borehole 2 
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Figure 4: Stewart Hall Borehole 2’ (From Memorial Union Vertical Addition Project) 



142 

 

APPENDIX A-7 

 

Figure 1:  MUHC East Pavilion boring plan (Aerial View), prepared by Crockett 
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Figure 2: MUHC Borehole 1 
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Figure 3: MUHC Borehole 2 
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Figure 4: MUHC Borehole 3 



146 

 

 

Figure 5: MUHC Borehole 4 
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Figure 6: MUHC Borehole 5 
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Figure 7: MUHC Borehole 6 
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Figure 8: MUHC Borehole 7 
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Figure 9: MUHC Borehole 8 
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Figure 10: MUHC Borehole 9 
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Figure 11: MUHC Borehole 10 
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Figure 12: MUHC Borehole 11 
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Figure 13: MUHC Borehole 12 
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Figure 14: MUHC Borehole 13 
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Figure 15: MUHC Borehole 14 
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Figure 16: MUHC Borehole 15 
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Figure 17: MUHC Borehole 16 
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Figure 18: MUHC Borehole 18 
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Figure 19: MUHC Borehole 19
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APPENDIX A-8 

 

Figure 1: Roy Blunt NextGen Precision Health Building (NextGen) boring plan (Aerial 

View), prepared by Crockett 
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Figure 2: NextGen Borehole 5 
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Figure 3: NextGen Borehole 6 
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Figure 4: NextGen Borehole 8 
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Figure 5: NextGen Borehole 9 
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Figure 6: NextGen Borehole 11 



167 

 

 

Figure 7: NextGen Borehole 14 
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Figure 8: NextGen Borehole 15 
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Figure 9: NextGen Borehole 16 
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Figure 10: NextGen Borehole 17 
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Figure 11: NextGen Borehole 18 
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Figure 12: NextGen Borehole 19 
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Figure 13: NextGen Borehole 21 
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Figure 14: NextGen Borehole 21 (Continue) 
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Figure 15: NextGen Borehole 22
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APPENDIX A-9 

 

Figure 1:  Virginia Ave. Housing and Dining Complex boring plan (Aerial View), 

prepared by Terracon 
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Figure 2:  Virginia Ave. Housing and Dining Complex Borehole 3 
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Figure 3:  Virginia Ave. Housing and Dining Complex Borehole 3 Continue 
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Figure 4:  Virginia Ave. Housing and Dining Complex Borehole 5 
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Figure 5:  Virginia Ave. Housing and Dining Complex Borehole 5 (Continue) 
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Figure 6:  Virginia Ave. Housing and Dining Complex Borehole 6 
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Figure 7:  Virginia Ave. Housing and Dining Complex Borehole 6 (Continue) 
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APPENDIX B 

 
Figure 1:  HVSR plots from Ellis Library borehole 1 

 
Figure 2:  HVSR plots from Ellis Library borehole 2 
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Figure 3:  HVSR plots from Ellis Library borehole 3 

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

 

 

 
Figure 6:  HVSR plots from Gateway Residence Hall borehole 2 
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Figure 7:  HVSR plots from Gateway Residence Hall borehole 6 

 

 
Figure 8:  HVSR plots from Gateway Residence Hall borehole 7 
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Figure 9:  HVSR plots from Gateway Residence Hall borehole 11 

 

 
Figure 10:  HVSR plots from Journalism Building borehole 2 
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Figure 11:  HVSR plots from Journalism Building borehole 5 

 

 
Figure 12:  HVSR plots from Journalism Building borehole 6 
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Figure 13:  HVSR plots from Journalism Building borehole 7 

 

 
Figure 14:  HVSR plots from Lee’s Hall borehole 1 
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Figure 15:  HVSR plots from Lee’s Hall borehole 2 

 

 
Figure 16:  HVSR plots from Lee’s Hall borehole 3 

 



191 

Figure 17:  HVSR plots from Lee’s Hall borehole 5 

Figure 18:  HVSR plots from Lee’s Hall borehole 6 
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Figure 19:  HVSR plots from Lee’s Hall borehole 8 

 

 
Figure 20:  HVSR plots from Lee’s Hall borehole 11 
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Figure 21:  HVSR plots from Lee’s Hall borehole 13 

 
Figure 22:  HVSR plots from Lee’s Hall borehole 14 
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Figure 23:  HVSR plots from Lee’s Hall borehole 15 

 

 
Figure 24:  HVSR plots from Lee’s Hall borehole 18 
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Figure 25:  HVSR plots from MUHC borehole 1 

Figure 26:  HVSR plots from MUHC borehole 2 
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Figure 27:  HVSR plots from MUHC borehole 3 

 

 
Figure 28:  HVSR plots from MUHC borehole 4 
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Figure 29:  HVSR plots from MUHC borehole 5 

 

 
Figure 30:  HVSR plots from MUHC borehole 6 
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Figure 31:  HVSR plots from MUHC borehole 7 

 

 
Figure 32:  HVSR plots from MUHC borehole 8 
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Figure 33:  HVSR plots from MUHC borehole 9 

\ 

Figure 34:  HVSR plots from MUHC borehole 10 
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Figure 35:  HVSR plots from MUHC borehole 11 

 

 
Figure 36:  HVSR plots from MUHC borehole 12 
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Figure 37:  HVSR plots from MUHC borehole 13 

 

 

 

 
Figure 38:  HVSR plots from SHSMO borehole 1 
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Figure 39:  HVSR plots from SHSMO borehole 2 

 

 
Figure 40:  HVSR plots from SHSMO borehole 5 
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Figure 41:  HVSR plots from SHSMO borehole 7 

Figure 42:  HVSR plots from SHSMO borehole 8 
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Figure 43:  HVSR plots from SHSMO borehole 9 

 

 
Figure 44:  HVSR plots from SHSMO borehole 10 
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Figure 45:  HVSR plots from SHSMO borehole 13 

 

 
Figure 46:  HVSR plots from SHSMO borehole 16 
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Figure 47:  HVSR plots from Stewart Hall borehole 1 

Figure 48:  HVSR plots from Stewart Hall borehole 2 
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Figure 49:  HVSR plots from Stewart Hall borehole 2’ 

 

 
Figure 50:  HVSR plots from NextGen borehole 5 
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Figure 51:  HVSR plots from NextGen borehole 6 

 

 
Figure 52:  HVSR plots from NextGen borehole 8 
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Figure 53:  HVSR plots from NextGen borehole 9 

Figure 54:  HVSR plots from NextGen borehole 11 



210 

 

 
Figure 55:  HVSR plots from NextGen borehole 14 

 
Figure 56:  HVSR plots from NextGen borehole 15 
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Figure 57:  HVSR plots from NextGen borehole 16 

 
Figure 58:  HVSR plots from NextGen borehole 17 
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Figure 59:  HVSR plots from NextGen borehole 18 

Figure 60:  HVSR plots from NextGen borehole 19 
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Figure 61:  HVSR plots from NextGen borehole 21 

 

 
Figure 62:  HVSR plots from NextGen borehole 22 
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Figure 63:  HVSR plots from Virginia Ave Dining borehole 3 

 

 
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 𝑉𝑠 profile for soil can also be modeled with a power function relationship that 

depends on the soil structure and composition (A) and effective stress (𝜎′
𝑣): 

𝑉𝑠 = 𝐴(𝜎′
𝑣)𝑚     (Eq. 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: 

𝑉𝑠 = 𝐴(120𝑧/2000)0.25   (Eq. App. C-1) 

𝑉𝑠 = 𝐴(0.5)𝑧0.25    (Eq. App. C-2) 

Where 𝑧 is the depth and 𝑉𝑠 is shear wave velocity. 

Average the 𝑉𝑠 through the slowness average equation, as presented below: 

𝑉𝑠,𝐴𝑉𝐺 =
𝐻

∑
𝑍𝑖
𝑉𝑖

     (Eq. 2.5) 

where 𝑉𝑠,𝐴𝑉𝐺 = average shear velocity; 𝐻 = total sediment thickness; 𝑉𝑖 = shear velocity 

at depth z; and 𝑍𝑖= sediment thickness. 

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

𝑉𝑠,𝐴𝑉𝐺 =
𝐻

∑
𝑍𝑖

0.5
𝐴𝑧0.25

      

𝑉𝑠,𝐴𝑉𝐺 =
𝐻

1

0.5𝐴
∫ 𝑧0.25𝑑𝑧
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𝑉𝑠,𝐴𝑉𝐺 =
0.5𝐻∗𝐴

∫ 𝑧0.75𝐻
0

      

𝑉𝑠,𝐴𝑉𝐺 =
0.5𝐻∗𝐴

𝐻0.75       

𝑉𝑠,𝐴𝑉𝐺,𝑠𝑙𝑜𝑤𝑛𝑒𝑠𝑠 = 0.5(𝐴)𝐻0.25  (Eq. App. C-3) 

Where 𝐻 is the depth and 𝑉𝑠 is shear wave velocity. 

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

𝑉𝑠,𝐴𝑉𝐺 =
∑ 𝑉𝑖𝑍𝑖

𝐻
      (Eq. 2.4) 

where 𝑉𝑠,𝐴𝑉𝐺is the average 𝑉𝑠 ; 𝐻 is the total sediment thickness; 𝑉𝑖 is the VS at depth z; 

and 𝑍𝑖 is the sediment thickness of individual layers. 

 

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

𝑉𝑠,𝐴𝑉𝐺 =
∫ 𝐴(0.5)𝑧0.25𝑑𝑧

𝐻
                 

𝑉𝑠,𝐴𝑉𝐺 =
𝐴(0.5) ∫ 𝑧 .025𝑑𝑧

𝐻
                 

𝑉𝑠,𝐴𝑉𝐺 =
𝐴(0.5) ∫

𝑧1.25

1.25

𝐻
0

𝐻
                         

𝑉𝑠,𝐴𝑉𝐺 =
𝐴(0.5)𝐻1.25

1.25𝐻
                         

𝑉𝑠,𝐴𝑉𝐺 =
𝐴(0.5)𝐻0.25

1.25
                (Eq. App. C-4) 

The simple relationship, as expressed to be:  

𝑓𝑟 = 𝑉𝑠,𝐴𝑉𝐺/4𝐻                                            (Eq. 2.3) 
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where 𝑓𝑟 is the resonant frequency, 𝑉𝑠,𝐴𝑉𝐺 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: 

𝑓𝑟 =
0.5(𝐴)𝐻0.25

4𝐻
 

𝑓𝑟 =
0.5(𝐴)𝐻−0.75

4
 

𝑓𝑟 = 0.125𝐴𝐻−0.75 

𝐻−0.75 =
𝑓𝑟

0.125(𝐴)
 

𝐻 =
𝑓𝑟

−4/3

0.125−4/3(𝐴−4/3)
 

𝐻 = 𝐴
4

3(0.1254/3) 𝑓𝑟
−4/3

          (Eq. App. C-5) 

𝐻 = 𝐴∗𝑓𝑟
−1.333

              (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 𝑓𝑟
−1.333

   (Eq. App. C-6) 

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

      

𝑓𝑟 =
0.5(𝐴)𝐻0.25

1.25 ∗ 4𝐻
 

𝑓𝑟 =
0.5(𝐴)𝐻0.25

6𝐻
 

𝑓𝑟 =
0.5(𝐴)𝐻−0.75

6
 

𝐻−0.75 =
𝑓𝑟

0.083(𝐴)
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𝐻 =
𝑓𝑟

−4/3

0.083−4/3(𝐴−4/3)
 

𝐻 = 𝐴
4

3(0.0834/3) 𝑓𝑟
−4/3

          (Eq. App. C-7) 

𝐻 = 𝐴∗𝑓𝑟
−1.333

              (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 𝑓𝑟
−1.333

   (Eq. App. C-8) 
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APPENDIX D

 

Figure 1:  Ellis Library Borehole 1 
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Figure 2: Ellis Library Borehole 2 

 



222 

 

 

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 



226 

 

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


	ACKNOWLEDGEMENTS
	TABLE OF CONTENT
	LIST OF FIGURES
	LIST OF TABLES
	ABSTRACT
	1. INTRODUCTION
	1.1 Background
	1.2 Objective
	1.3 Scope of Work
	1.4 Layout of the Thesis

	2. BACKGROUND
	2.1 Introduction
	2.2 General Geology of the University of Missouri Campus
	2.3 Expected Shear Wave Velocities
	2.3.1 Soil/Fill
	2.3.2 Shale
	2.3.3 Limestone

	2.4 Overview of HVSR Method
	2.5 Past Studies of HVSR
	2.5.1 Microzonation Studies
	2.5.2 Average Shear Wave Velocity Determination
	2.5.3 Depth to Bedrock Estimation
	2.5.4 Factors Influencing HVSR Values

	2.6: Summary

	3. SITE DESCRIPTIONS
	3.1 Introduction
	3.2: Site Descriptions and Subsurface Conditions
	3.2.1: Ellis Library Addition
	3.2.2: Gateway Residence Hall
	3.2.3: Donald W. Reynolds Journalism Building
	3.2.4: Lee’s Hall
	3.2.5: The State Historical Society of Missouri Center for Missouri Studies (SHSMO)
	3.2.6: Stewart Hall
	3.2.7: MUHC East Pavilion
	3.2.8: Roy Blunt NextGen Precision Health Building (NextGen)
	3.2.9: Virginia Housing and Dining

	3.3: Rocheport Bridge Approach Site – Field Verification Study
	3.4: Summary

	4. METHODS
	4.1 Introduction
	4.2 HVSR Data Collection Procedures
	4.3 HVSR Data Processing Procedures
	4.4 Data Interpretation Procedures
	4.4.1 Interpretation of HVSR data
	4.4.2 Interpretation of Borehole Data

	4.5 Summary

	5. RESULTS
	5.1 Introduction
	5.2 Depth to Bedrock Relationship - All HVSR Measurements
	5.2.1 Depth to Bedrock Relationship - Soil over Limestone Profile
	5.2.2 Depth to Bedrock Relationship - Soil/Shale Interface
	5.2.3 Depth to Limestone Relationship - Soil/Shale/Limestone Case

	5.3 Identifying Shale from HVSR Attributes
	5.4 Example Application of the HVSR Method
	5.5 Summary

	6. DISCUSSION
	6.1 Introduction
	6.2 Depth to Bedrock Relationships
	6.3 Influence of Shale on the HVSR Relationship
	6.4 Variability of the HVSR Peak Frequency
	6.4.1 Directionality
	6.4.2 Repeat Measurement

	6.5 Application of the HVSR Method
	6.6 Summary

	7. CONCLUSION
	7.1 Summary
	7.2 Conclusions
	7.3 Recommendations

	REFERENCES
	APPENDIX A-1
	APPENDIX A-2
	APPENDIX A-3
	APPENDIX A-4
	APPENDIX A-5
	APPENDIX A-6
	APPENDIX A-7
	APPENDIX A-8
	APPENDIX A-9
	APPENDIX B
	APPENDIX C

